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ABSTRACT 


An  integrated  system  for  oxygen  recovery  from  carbon  dioxide  was  investigated  as 
a  breadboard  laboratory  model  of  nominal  1/2-man  capacity.  System  design  for  carbon 
dioxide  reduction  was  based  on  alternate  operation  of  two  Bosch  reactors  with  periodic 
cool  down  for  removal  of  carbon  and  replenishment  of  catalyst.  Experimental  studies 
demonstrated  attainment  of  the  design  objectives  of  a  carbon-to -catalyst  ratio  above  20 
and  an  overall  carbon-packing  density  of  0.45  g/cm^  in  the  catalyst  chamber.  Degrad¬ 
ation  of  Bosch  reactor  materials  during  extended  operation  was  a  problem  that  was  not 
completely  resolved.  Experimental  studies  indicated  that  a  regenerable  solid -ad sorbent 
based  on  combinations  of  silica  gel  and  molecular  sieve  operating  on  alternate  cycles  of 
absorption  and  desorption  can  be  used  for  efficient  transfer  of  water  vapor  from  the 
Bosch  recycle  gas  to  a  water-vapor  electrolysis  cell.  The  original  matrix-type  water- 
vapor  electrolysis  unit  with  Pd-25Ag  hydrogen  diffusion  cathodes  did  not  perform  satis¬ 
factorily  and  was  replaced  by  a  water-vapor  electrolysis  unit  with  phosphoric  acid  elec¬ 
trolyte  for  satisfactory  evaluation  of  water -vapor  transfer  for  the  integrated  system. 
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SECTION  I 


INTRODUCTION 


Recovery  of  oxygen  from  carbon  dioxide  and  water  vapor  given  off  by  rnan  in  the 
sealed  environment  of  space  operation  wili  be  required  for  advanced  missions.  Several 
methods  are  being  considered,  and  the  integration  of  the  water -vapor  e  '•trolysis  system 
.using  Pd-25Aft  hydrogen  diffusion  cathodes  and  the  Bosch  reaction  for  ca.tbon  dioxide  re¬ 
duction  to  carbon  represents  one  promising  combination.  The  water  electrolysis  system 
is  relatively  new,  but  the  Bosch  system  has  been  developed  to  an  advanced  stage  o.er  the 
past  8  years.  Although  flight  prototypes  of  the  Bosch  reactor  have  been  built,  there  are 
relatively  few  data  available  on  operation  for  extended  periods.  Yet,  the  final  choice  of 
method  will  probably  depend  on  extended  operational  reliability. 

The  present  research  was  directed  toward  obtaining  operational  data  with  an  inte¬ 
grated  breadboard  system  containing  laboratory-model  equipment.  Many  experimental 
data  pertinent  to  extended  operational  reliability  can  be  obtained  with  laboratory-model 
equipment  designed  for  gravity -independent  operation  in  the  laboratory  but  not  necessar¬ 
ily  the  optimum  engineering  design  for  minimum  weight.  A  breadboard -type  system  pro¬ 
vides  the  flexibility  needed  to  obtain  data  and  make  process  improvements  as  a  prelude 
to  flight-prototype  development. 

The  present  research  program  was  carried  out  in  the  following  three  phases: 

Phase  I.  Predesign  analysis  and  experiments 

Phase  II.  Design,  construction,  and  check  out  of  a  laboratory-model  system 

Phase  III,  Operational  evaluation  of  the  laboratory-model  siystem. 

A  detailed  topical  report  covering  Phase  I  and  Phase  II  was  submitted  to  the  spon¬ 
soring  agency  in  January  1967.  The  results  of  the  predesign  analysis  and  experiments 
are  summarized  in  this  report  as  a  prelude  to  presentation  and  discussion  of  results 
t>om  the  Phase  III  study. 
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SECTION  II 


PREDESIGN  ANALYSIS  OF  SYSTEM  INTEGRATION 


A  prederign  analysis  of  system  integration  was  carried  out  in  the  initial  phase  of 
the  program.  The  objectives  of  this  analysis  were  (1)  to  make  a  comparison  of  and  a 
choice  between  two  types  of  modified  Bosch  reactor  systems,  one  based  on  continuous 
removal  of  carbon  employing  a  single  reactor  unit  and  the  other  based  on  batchwise  re¬ 
moval  of  carbon  employing  two  reactor  units,  (2)  to  select  a  water-transfer  method 
judged  to  be  reliable  and  compatible  with  rest  of  the  integrated  system,  and  (3)  to  iden¬ 
tify  important  operating  parameter  '  and  define  necessary  design  characteristics  of  the 
integrated  system.  The  scope  of  the  analysis  covered  only  the  modified  Bosch  unit  and 
the  ,  alladium- silver  water-electrolysis  unit  for  system  integration. 

The  analysis  indicated  that  the  two  approaches  to  carbon  removal  show  no  substan¬ 
tial  difference  as  far  as  the  total  system-weight  penalties  are  concerned.  The  dual¬ 
reactor  batch  process  wac  selected  because  it  permits  continued  operation  at  50  percent 
capacity  upon  failure  of  one  of  the  reactor  units  in  terms  of  conserving  and  utilizing 
carbon  dioxide  generated  continuously  by  the  <:rew.  The  analysis  also  showed  that  over 
90  percent  of  the  power  input  to  the  reactor  is  expended  as  heat  loss  by  conduction 
through  reactor  and  heat-exchanger  insulation  and  as  sensible -heat  loss  of  reactor- 
recycle  gas.  This  points  out  the  necessity  oi  optimizing  the  reactor  unit  with  respect 
to  design  of  reactor  and  heat- exchanger  hardware,  choice  of  insulation,  and  operating 
conditions. 

Review  of  current  literature  on  the  problem  of  zero-gravity  separation  of  water 
from  gas  revealed  a  number  of  devices  that  have  been  either  tested  or  proposed.  These 
include  a  porous-plate  condenser-separator,  a  sponge  collector  equipped  with  a  squeez¬ 
ing  mechanism,  a  vortex  separator,  an  elb^w  separator,  a  wick  separator,  and  a  rotary 
separator.  In  all  of  these  methods,  water  is  obtained  as  liquid,  which  must  be  evapor¬ 
ated  to  feed  a  matrix-type  electrolysis  cell,  thus  requiring  an  auxiliary  device  for  evap 
oration  of  water  under  zero-gravity  condition.  The  minimum  dew  point  of  moisture¬ 
bearing  gas  attainable  with  these  systems  is  the  freezing  point  of  water.  Furthermore, 
reliability  for  extended  operation  has  not  been  established  on  any  of  these  systems.  On 
the  basis  of  these  considerations,  it  was  recommended  for  the  present  study  to  investi¬ 
gate  a  solid-adsorbent  device  to  remove  water  vapor  from  the  Bosch  reactor  unit  and 
regenerate  water  vapor  directly. 
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section  m 


PREDESIGN  EXPERIMENTAL  STUDIES 


Water-Vapor  Electrolysis  Cell 


A  water- vapor  electrolysis  cell  using  Pd-25Ag  hydrogen  diffusion  cathodes  ap¬ 
peared  suitable  for  integration  with  the  Bosch  reactor.  One  advantage  is  that  pure,  dry 
hydrogen  would  be  available  for  feed  to  the  Bosch  reactor  at  positive  pressure  (up  to 
IS  psi)  independent  of  oxygen  pressure*.  Gravity- independent  operation  required  a 
matrix-type  cell  for  immobilization  of  the  alkaline  electrolyte.  A  conceptual  tubular  cell 
design  (similar  to  a  tube-type  heat  exchanger)  from  prior  work**  was  used  as  a  basis  for 
predesign  analysis  of  the  system  (mainly  weight  and  power  estimates).  The  latter  cell 
design  was  based  on  the  use  of  a  matrix  inside  (or  outside)  relatively  large  diameter, 
Pd-25Ag  tubes  (6.  35-mm  OD  X  0.  13-mm  wall)  that  had  been  used  extensively  in  experi¬ 
mental  studies  at  Buttelle.  However,  due  to  problems  anticipated  in  tube  assembly  and 
water-vapor  feed,  this  approach  was  abandoned  in  favor  of  a  modified  design  based  oh 
parallel  stacked  cells  consisting  of  small- diameter  cathode  tubes  (1.  3- mm  OD  x  076- 
mm  wall)  sandwiched  between  layers  of  matrix  and  anode  screen.  The  latter  cell  design 
was  amenable  to  high  rates  of  forced  gas  flow  for  water  vapcr  feed  with  low  pressure 
drop  and  had  been  shown  to  provide  stable  operation  of  matrix- type  water- vapor  electrol¬ 
ysis  cells  in  other  studies  at  Battelle***.  Since  the  modified  design  would  require  rela¬ 
tively  small  diameter  tubes,  concurrent  experimental  studies*  were  carried  out  to  in¬ 
vestigate  the  operating  characteristics  of  the  small- diameter  cathode  tubes. 

The  status  of  research  information  relating  to  water-electrolysis  cells  using  Pd- 
25 Ag  cathodes  that  was  available  at  the  time  of  electrolysis  cell  design  can  be  summar¬ 
ized  as  follows.  Satisfactory  extended  operation  was  limited  by  the  matrix.  The  best 
experimental  result  had  been  about  200  hours  obtained  with  a  microporous  polyvinyl¬ 
chloride  matrix  at  65  ±5C*.  A  low  temperature  was  desired  to  extend  cell  operating 
life  with  a  matrix.  However,  a  sufficiently  high  temperatu  re  was  needed  to  obtain  100 
percent  hydrogen  transmission  at  design  cathode  current  density  (about  37  ma/cm^). 

The  usual  techniques  applicable  to  the  larger  Pd-25Ag  tubes  for  obtaining  adequate  per¬ 
formance  at  low  temperature  such  as  anodic  activation  in  acid  and  catalyst  treatment  of 
the  gas-phase  side  (inside  of  tube)  were  not  amenable  to  small -diameter  '.ubes.  A 
vacuum  annealing  technique  was  developed  t\s  a  practical  and  less  time-consuming 
method  of  activating  small-diameter  tubes.  The  maximum  efficient  current  density 
(MECD)  was  determined  to  be  65  ma/cm^  at  77  C.  Other  experiments  indicated  that  the 
decrease  in  hydrogen  transmission  was  small  for  about  twofold  increase  above  the 
MECD  (e.g. ,  97.  3  percent  at  123  ma/cm^).  From  the  above  results  it  was  concluded 
that  satisfactory  performance  could  be  obtained  at  the  planned  operating  temperature  of 
65  C.  At  best,  limited  satisfactory  operation  could  be  predicted  because  the  nature  of 
the  matrix  deterioration  and  cell  life  appeared  to  be  related  to  the  length  of  time  from 


" Koltc,  K  S  .  ind  Clifford,  J.  E  ,  "Witet  Electrolytii  Cell!  Uting  Hydrogen  Dtffuuoo  Cithoder,  AMRL-TtJft-ttt -65,  Acro- 
<pacc  Medical  Rex  ire  n  Ltbotitorict,  Wright- Pittciion  Air  Forte  Bile,  Ohio,  November  19B7. 

"(I  if  ford,  l.  Kolic,  E.  iml  Faun,  C.  “Bewitch  on  *  Orsvliy-ln.Vpertdeni  Witer-Elcctrolyiii  Cell  With  <  Ltlltdiurn 
PilUdium* Silver  Alloy  Cathode",  AMRL-TW-64-44  <»*  6M3S8),  Wright  Ps::=r^-  Att  Force  B«k.  t)hiuf  June  1964. 

’••Clifford,  J.  F  ,  "Witer-Vipor  Electrolytii  Cell  With  Photphoric  Acid  Electrolyte",  Piper  No.  6708.M  prewMcd  it  SAF  meet 
me.  Lot  Angclet,  CillfomU,  October  S,  IBS'/,  b*«cd  on  ttudlciit  Bittclle  Mtmornl  Inttitutr  under  NASA  NA52-2IS6.  NASA 
1  d  771  tfunc  1967). 
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initial  impregnation  with  electrolyte  and  the  time  at  operating  temperature  regardless 
of  whether  the  cell  was  being  used  for  electrolysis.  The  estimated  9- day  life  appeared 
adequate  for  establishing  feasibility  of  operation  in  an  integrated  system. 


Silica-Gel  Adsorbers 


Adsorption  study  was  carried  out  to  determine  sorption  capacity  of  silica  gel  under 
the  conditions  that  would  be  expected  in  operation  of  the  integrated  system.  Experimental 
study  showed  that  the  specific  rate  of  adsorption  and  the  adsorption  capacity  can  be  in¬ 
creased  significantly  by  using  a  combination  of  a  buffer-grade  and  a  regular-grade  niiica 
gel  and  by  cooling  the  silica-gel  bed  to  remove  heat  of  adsorption.  An  adsorber  was  de¬ 
signed  and  operated  to  attain  high  adsorption  capacity  and  efficient  removal  of  moisture 
from  gas.  A  typical  experimental  test  result  was  0.39  g  H^O/g  adsorbent  and  exit  dew 
point  well  below  the  target  level  of  -2.  2  C.  Higher  adsorption  capacity  and  lower  dew 
point  were  obtained  in  subsequent  integrated  operation  of  adsorbers  on  Bosch  recycle 
gas. 
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SECTION  IV 


DESIGN  AND  CONSTRUCTION  OF 

LABORATORY -MODEL  SYSTEM 


A  1  /2-man  laboratory  model  of  an  integrated  carbon  dioxide -reduction  and  water- 
electrolysis  system  was  designed  and  constructed.  The  unit  was  designed  to  produce 
453  g/day  of  oxygen  and  170  g/day  of  elemental  carbon  from  623  g/day  of  pure  carbon 
dioxide.  Material  balance  around  the  1 /2-man  unit  is  given  in  Figure  1.  The  unit  was 
designed  to  be  used  primarily  as  a  research  apparatus  for  process  studies.  No  attempt 
was  made,  therefore,  to  optimize  the  design  of  individual  components  or  the  overall 
system  with  respect  to  fixed  weight  and  power,  since  these  considerations  were  outside 
the  scope  of  the  present  study  and  would  properly  belong  to  the  design  of  a  prototype 
syste  n. 

The  laboratory -model  system  was  designed  on  the  basis  of  the  methodology  devel¬ 
oped  and  operating  parameters  investigated  in  the  predesign  analysis  and  experimental 
studies  carried  out  in  Phase  I. 
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Electrolysis 

Subsystem 
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FIGURE  l.  MATERIAL  BALANCE  ON  1/2-MAN  LABORATORY-MODEL  SYSTEM 
(Units:  g/day) 
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Uacnd  for  Figure  1 


Symbol 
R-l,  R-2 
HX-1,  HX-2 
ax-3 

SG-1,  -2,  -3,  -4 

SG-5 

E 

B-l,  -2 

B-3 

H-I/R 

H2-D/R 

FM-1,  -2 

FM-3,  FM-4 

FM-5 

H2-Ft/R 

=•*1,  -2.  -3 

WTM 

BPR 

SV 

COg- A/C 

4WVA 

4WVB 

P 

T 

T-C 

AM,  *2,  -3 
AT 


PeKtiptlon 

Reactor*;  C02  reduction 
Regenerative  heat  exchanger*;  gaa>t»>gu 
Heat  exchanger;  O2  cooling 

Silica-gel  adtorption  column*;  moitture  removal  from  reactor-recycle  gat 
Silica-gel  column;  itorage  and  feeding  of  water  vapor  to  electrolytit  unit 
Electrolytit  unit 

Ga*  pumps;  recycle  of  ga*  through  reacton 

Blower;  recirculation  of  oxygen  through  electrolytii  unit 

Humidity  indicator-recorder 

Hydrogen  detector- indicator 

Rotameter*;  reactor-recycle  ga* 

Rotameter;  COg  feed  to  tcactar  unit* 

Rotameter;  O2  flow  through  tilica-gel  column*  (SG-1,  -2,  -3,  or  -4)  during  desorption  operation 
Matt-flow  indicator-recorder;  Hg  output  from  electrolysis  unit  and  feed  to  reactor  unit* 

Gat  filters 

Wet  test  meter;  Or.  output  from  electnlytit  unit 

Back- pressure  regulator;  pressure  control  on  anode  tide  of  electrolytit  unit 
Solenoid  valve;  control  of  COg  feed  to  reactor  uniti 
infrared  analyzer-contrcllsr;  COg  concentration  in  reactor-recycle  gat 
2-ttack,  4-way  valves;  twitching  of  tiilca-gel  column*  (SG-1,  -2,  -3,  and  >4) 

2-itack,  4-way  valve;  twitching  recycle-ga*  flow  through  COg  analyzer- controller 
Pressure  gage 

Chrome-Alumei  thermocouple* 

Temperature  controller;  dwath  temperature  of  heater*  Inside  reactor* 

Differential*  pretture  gags* 

Differential-temperature  gage 
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FIGURE  2.  CARBON  DIOXIDE  REDUCTION  AND  WATER-ELECTROLYSIS  SYSTEM 


Process  Flowsheet 


A  flowsheet  of  the  laboratory-model  system  is  given  in  Figure  2.  Two  reactor 
units,  operating  separately  batchwise,  and  an  electrolysis  unit  were  incorporated  in  the 
integrated  system.  The  system  was  designed  to  produce  oxygen  from  carbon  dioxide 
supplied  in  a  pure  form. 

Each  reactor  unit  consists  of  a  high-temperature  reactor  (R-l  or  R-2),  a  regener¬ 
ative  heat  exchanger  (HX-1  or  HX-2),  two  silica-gel  adsorbers  (SG-1  and  SG-2  or  SG-3 
and  SG-4),  a  recycle-gas  blower  (B-l  or  B-2),  and  a  recycle-gas  flowmeter  (FM-1  or 
FM  2).  The  two  adsorbers  in  each  unit  would  be  switched  periodically  during  reactor 
operation  so  that  one  of  the  adsorbers  is  on  stream  to  remove  product  water  from  the 
recycle  gas  while  water  is  desorbed  from  the  other  adsorber.  Oxygen  from  the  electro¬ 
lysis  unit  would  be  used  as  a  carrier  gas  and  recirculated  through  the  adsorber  to  re¬ 
move  water.  Provisions  were  made  to  purge  and  vent  the  reactor  gas  remaining  in  the 
adsorber  at  the  end  of  a  sorption  cycle  by  evacuation  at  the  start  of  desorption  and  to 
purge  oxygen  remaining  at  the  end  of  desorption  also  by  evacuation  before  the  adsorber 
is  returned  to  the  reactor-recycle  loop.  A  moisture  analyzer  and  a  carbon  dioxide 
analyzer  were  incorporated  in  the  recycle  loop  to  measure  continuously  moisture  con¬ 
tent  at  the  outlet  of  adsorbers  and  concentration  of  carbon  dioxide  at  the  inlet  of  the 
regenerative  heat  exchanger.  ,  solenoid  valve  would  be  actuated  by  a  signal  from  the 
carbon  dioxide  analyzer  to  regulate  the  feed  rate  of  carbon  dioxide  into  the  reactor  unit. 

The  electrolysis  unit  consists  of  a  matrix-type  cell  (E),  a  blower  (B-3)  for  circu¬ 
lation  of  oxygen  on  the  anode  side  of  the  cell,  a  heat  exchanger  (HX-3)  for  controlling 
temperature  of  oxygen  at  the  inlet  of  cell,  a  silica-gel  column  (SG-5)  for  storage  and 
supply  of  water  vapor,  and  a  blower  (B-4)  for  circulating  oxygen  between  the  electrolysis 
and  the  reactor  units  to  transfer  water.  Water-vapor  feed  to  the  oxygen  loop  in  the  elec¬ 
trolysis  unit  would  be  controlled  to  maintain  the  humidity  of  oxygen  at  the  inlet  of  the  cell 
at  the  desired  level  by  regulating  the  flow  rate  of  oxygen  through  the  silica-gel  column 
(SG-fi)and  the  column  temperature  or  both.  Hydrogen  would  be  generated  at  a  sufficiently 
high  pressure  on  the  cathode  side  of  the  cell  to  be  fed  directly  into  the  reactor  unit  with¬ 
out  pumping.  A  wet  test  meter  was  provided  to  determine  oxygen  produced  from  the  cell, 
and  a  flow  indicator- recorder  was  incorporated  in  the  hydrogen-feed  line,  Provisions 
were  made  to  introduce  carbon  dioxide  feed  and  makeup  hydrogen  feed  into  the  reactor 
unit  from  cylinders  and  to  introduce  makeup  water  into  the  .-ell  unit  by  direct  injection 
of  liquid  water  into  the  silic.a-gel  column  (5G->>.  Parts  of  the  flowsheet  as  well  as  oper¬ 
ating  procedures  are  discussed  in  more  detail  in  Appendix  !. 


Carbon  Dioxide  Reduction 


Two  identical  uni's  of  apparatus  were  designed  and  constructed  to  carry  out  re¬ 
duction  of  carbon  dioxide  with  hydrogen.  The  units  were  to  be  operated  and  shut  down 
on  alternate  cycles  to  achieve  continuous  utilisation  and  reduction  of  available  carbon 
dioxide  and  to  remove  accumulated  carbon  and  replace  catalyst  on  a  batch  basis.  Major 
components  of  each  unit  included  a  high-temperature  reactor,  a  regenerative  heat  ex¬ 
changer,  a  pair  of  silica-gel  adsorbers,  a  recycle-gas  blower,  and  instrumentation. 

Design  parameters  of  the  reactor  unit  are  given  in  Tabic  1.  The  values  given  in 
the  table  were  arrived  at  on  the  basis  of  ihe  Phase  I  study.  Design  and  construction  of 
apparatus  are  discussed  below. 
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TABLE  I.  DESIGN  PARAMETERS  OF  CARBON  DIOXIDE- 
REDUCTION  UNIT 


Nominal  Capacity  1  /2-man 

Rate  of  Carbon  Dioxide  Feed,  cm3 /min,  STP  220 

Rate  of  Water  Production,  g/hr  21.3 

Rate  of  Carbon  Accumulation,  g/hr  7.  08 

Reactor 

Catalyst  Consumption,  g  iron/g  carbon  0.  1 

Density  of  Carbon,  g/cm^  1.8 

Operating  Period/Cycle,  days  4 

Catalyst  Chamber  Volume;  4  x  carbon  deposit,  cm3  1510 

Operating  Temperature,  C  650 

Operating  Pressure,  mm  Hg  (gage)  £258 

Regenerative  Heat  Exchanger 

Heat-Tr<iasfer  Efficiency,  percent  >90 

Recycle  Rate,  1/min,  STP  14.5 

Silica-Gel  Adsorption  Columns 

Upper  Limit  of  Sorption,  g  H20/g  dry  gel  40 

Lower  Limit  of  Desorption,  g  H20/g  dry  gel  30 

Operating  Period/Sorption  Cycle,  hr  4 

Weight  of  Silica  Gel,  g  284 


Reactor 


A  tubular  reactor  with  a  rod  heater  and  an  annular  catalyst  chamber,  slightly  modi¬ 
fied  from  the  unit  employed  by  Remus*,  was  designed  and  constructed.  A  schematic 
drawing  of  the  reactor  is  shown  in  Figure  3.  The  reactor  consists  of  two  concentric 
tubes,  the  inner  tube  containing  a  catalyst  canister  and  an  electric  heater.  Gas  enters 
at  the  bottom  of  the  reactor,  flows  up  through  the  annulus  between  the  tubes,  flows  down 
around  the  heater  and  through  the  catalyst  chamber,  and  exits  from  the  bottom  of  the 
reactor.  The  catalyst  canister  consists  of  a  tube  with  a  removable  lid,  four  layers  of 
wire  screen  at  the  bottom  for  supporting  catalyst  and  containing  carbon  formed  in  the 
reaction,  and  a  tubular  enclosure  for  the  heater  at  center.  Three  layers  of  radiation 
shields  were  placed  above  the  catalyst  canister.  A  photograph  of  the  canister  assembly, 
the  radiation  shields,  and  the  electric  heater  is  shown  in  Figure  4. 


Overall  dimensions  of  the  catalyst  chamber  and  the  reactor  are  8.5-cm  diameter 
by  28.  8-cm  length  and  10.  5-cm  diameter  by  30.  3-cm  length,  respectively.  Working 
volume  of  the  catalyst  chamber  was  estimated  as  1490  cnv*  as  compared  to  the  original 
design  level  of  1310  cm*.  All  parts  of  the  reactor,  excluding  the  heater,  the  catalyst 
canister,  and  the  radiation  shields,  were  constructed  of  Type  347  stainless  steel.  A 
photograph  of  the  reactor  assembly,  including  the  regenerative  heat  exchanger  and  a 
removable  cap  for  the  reactor,  is  shown  in  Figure  5. 


*R«mu«,  G  A.,  N«vcfii,  P.  S.,  It ff,  |  0.,  *r»«0oo  thoakfe  fttSuction  Syncm  AM  Si. TP*-#S-7  {  *•  SOW  19),  Acte 

UrsiN'i  Ub<*»sart*«,  W<t*ht-P*(«c»«ao  An  Fare*  Is*.  Ohio,  ismisty  1;*S3 
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(1)  Electric  heater;  1.27-cm  diameter,  20.3  cm  of  bottom  section  heated,  Incoloy  800  sheath,  115  volts  alternating  current, 

300  wans 

(2)  Reactor  ends;  Type  347  stainless,  3-  1/2-inch  pipe  cap,  Schedule  10,  10,16-crr.  CD  by  0.305-cm  wall  by  3.81-cm  length 

(3)  Radiation  shields;  Type  304  stainless  sheet,  0.0254-cm  thickness,  3  layers 

(4)  Heater  enclosure;  Type  304  stainless,  a  short  piece  of  tubing  (2.54-cm  OO  by  0.089-cm  wall  by  6.98-cm  length)  joined  to 
a  tube  (1.84-cm  OD  by  20.48-cm  length)  made  of  16-mesh  (0,0508-cm-00  wire)  screen  and  closed  at  bottom  end 

(5)  Lid  for  catalyst  canister;  Type  304  stainless  plate,  8. 93- cm  diameter  by  0.318-cm  thickness,  with  a  2.54-cm  hole  at  center 

(6)  Conoseal  tube  joints;  Type  347  stainless,  4-inch  nominal  size 

(7)  Inner  reactor  tube;  Type  347  stainless,  3- 1/2- inch  tubing,  8.89-cm  OD  by  0. 165-cm  wall  by  28.80-cm  length 

(8)  Catalyst- canister  wall;  Type  304  stainless  sheet,  8.52-cm  OD  by  0.0254-cm  wall  by  28.30-cm  length 

(9)  Catalyst  chamber:  approximately  1490  cm3 

(10)  Gas-inlet  channel;  0.33-cm  clearance 

(11)  Outer  reactor  tube;  Type  347  stainless,  3-1/2- inch  pipe,  Schedule  10,  10. 16-cm  OD  by  0.305-cm  wall  by  26.51-cni  length 

(12)  Catalyst- support  screens,  Type  304  stainless,  1  layer  of  16-mesh  (0. 0508-cm-OD  wire)  plus  3  layers  of  200-mesh  (0.00633- 
cm-OD  wire)  screens,  recessed  approximately  0. 079  cm  from  bottom  edge  of  canister  wall 

(13)  Canister- support  plate;  Type  304  stainless,  0.305- cm  thickness 

(14)  Inlet-gas  tube;  Type  321  stainless,  1/2- Inch  tubing,  1.27-cm  OD  by  0. 124-cra  wall.  Center  of  tube  is  located  1.78  cni 
below  the  bottom  edge  of  outer  shell  and  3. 89  cm  from  the  reactor  axis 

(15)  Outlet-gas  tube;  Type  347  stainless.  3/4-inch  tubing,  1.90-cm  OD  by  0. 165-cm  wall 

(16)  Temperature  probe  at  reactor  outlet;  0.318-cm-OD  sheathed  thermocouple,  Chromel-Alumel 

(17)  Gas  Inlet  to  regenerative  heat  exchanger;  Type  304  stainless,  3/8-lnch  tubing,  0.953-cm  OD  by  0.089-cm  wail 

(18)  Temperature  probe  at  reactor  inlet;  0.318-cm-OD  sheathed  thermocouple,  Chromsl-Alumel 

(19)  Get  outlet  from  regenerative  heat  exchanger;  Type  304  stainless,  3/8-lnch  tubing,  0.053-cm  OD  by  0.089-cm  wall 

(20)  Outer  wall  of  regenerative  heat  exchanges;  Type  304  stainless,  6/8-lnch  tubing,  1.588-cm  OO  by  0.080-cm  wall 

(21)  Gat- inlet  tube;  Type  304  stainless,  1/  t-inch  tubing,  0.635-cm  OD  by  0. 089 -cm  wall:  the  inlet  is  normally  closed  during 
reactor  operation  and  used  during  reac'or  cool-down  to  bypass  the  regenerative  heat  exchanger. 


II 


FIGURE  4  CATALYST-CANISTER  ASSEMBLY,  INCLUDING  HEATER  AND  RADIATION  SHIELDS 


t 


A  sheathed  thermocouple  for  measuring  reactor  temperature  is  located  at  the  gas- 
outlet  side  between  the  canister  support  plate  and  the  canister  bottom.  Additional 
thermocouples  are  located  at  the  reactor  inlet  and  on  the  outside  wall  of  the  reactor.  An 
auxiliary  tape  heater  with  a  capacity  of  200  watts  was  wrapped  around  the  reactor  to  aug¬ 
ment  the  300-watt  capacity  of  the  rod  heater. 


Regenerative  Heat  Exchanger 

A  gas-to-gas  countercurrent  heat  exchanger  was  constructed  of  two  concentric 
tubings.  Attempts  to  acquire  a  plate-fin-t^rpe  unit  from  commercial  suppliers  were 
unsuccessful.  The  heat  exchanger,  designed  on  the  basis  of  the  unit  employed  in  a  prior 
study  by  Remus*,  consists  of  a  3/8-inch  tubing  (0.  953-cm  OD  by  0,  089- cm  wall  by 
418-cm  length)  inserted  in  a  5/8-inch  tubing  (1 . 588-cm  OD  by  0.  089-cm  wall  by  418- 
cm  length).  Hot  gas  from  the  reactor  flows  through  the  annulus  and  cold  gas  enters  the 
reactor  through  the  inner  tubing.  The  two  tubings  were  coiled  into  a  helix  with  approxi¬ 
mately  9  turns,  15-cm  OD,  and  a  0.  64-cm  clearance  between  the  coils.  The  tubings  are 
made  of  Type  304  stainless  steel. 

A  photograph  of  the  assembled  unit  is  shown  in  Figure  5.  In  order  to  prevent  the 
tubings  from  collapsing  during  coiling,  a  thin  copper  rod  (0. 130-cm  diameter)  was  wound 
around  and  soldered  to  the  inner  tubing,  and  the  annulus  and  the  inner  tubing  were  filled 
with  Wood's  metal.  After  the  tubings  were  coiled  into  the  finished  form,  the  Wood's 
metal  was  removed  by  heating  with  steam. 

Pressure-drop  data  obtained  with  air  are  shown  in  Figure  6. 


Insulation 


The  reactor-heat  exchanger  assembly  was  enclosed  in  a  cylindrical  housing  in  two 
sections  shown  in  Figure  7.  The  bottom  section  with  30.  5-cm  ID  by  78.  7-cm  length 
holds  the  assembly  and  was  filled  with  vermiculite  for  insulation.  The  top  section, 
which  is  removable,  with  30.  5-cm  ID  by  19.  1-cm  length  was  filled  with  a  felt-type  in¬ 
sulation  ("Micro-Fibers  Felt,  Type  E",  0,C64g/cm^).  After  assembly,  the  can  was 
further  insulated  on  the  outside  at  the  top  and  on  the  side  with  a  1. 74-cm  layer  of  the 
felt-type  insulation. 


Recycle-Gas  Blower 

The  blower  unit  consists  of  a  carbon-vane,  rotary  compressor  (Gast  Model  0630- 
101)  and  an  induction  motor  (Globe  Type  LCLL,  115  v,  ac,  60-cycle,  1 -phase,  3400  rpm, 
60  watts)  mounted  inside  a  cylindrical,  stainless  steel  housing.  The  compressor  capa¬ 
city  at  3400  rpm  is  approximately  14  liters /min  of  air  at  standard  conditions  and  a  de¬ 
livery  pressure  of  258  mm  Hg  gage. 


'(eirm,  G.  A  ,  op.  cl«. 
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Air  Flow  ,  liters/min,  STP 


FIGURE  b.  PRESSURE  DROP  THROUGH  REGENERATIVE 
HEAT  EXCHANGER  BASED  ON  AIR  FLOW 


Silica-Gel  Adsorption  Columns 


A  schematic  drawing  of  silica-gel  columns  initially  designed  and  constructed  is 
shown  in  Figure  8.  All  five  units  (SG-1  through  SG-5)  were  identical  in  design.  A 
double-wall  column  with  an  internal,  finned-tube  heat  exchanger  was  designed.  Cooling 
water  flows  down  through  the  internal  tube  and  up  through  the  annulus  between  two  column 
walls.  Reactor-recycle  gas  enters  the  column  at  the  bottom  and  exits  at  the  top. 

Columns  in  the  reactor  unit  {SG-1  through  SG-4)  were  packed  with  equal  volumes 
of  Grade  59  and  Grade  05  silica  gel.  Approximately  100  g  of  Grade  59  was  contained  in 
the  bottom-half  section  and  200  g  of  Grade  05  in  the  top-half  section  of  each  column. 

The  column  (SG-5)  used  for  storage  and  feed  of  water  vapor  to  the  electrolysis  unit  was 
packed  with  200  g  of  Grade  59  silica  gel.  Chromel-AJumel  thermocouples  were  position¬ 
ed  in  the  column  to  measure  inlet  and  outlet  gas  temperatures  and  the  bed  temperature 
at  midpoint  of  the  column.  The  columns  and  cooling-water  lines  were  insulated  with 
foamed- rubber  insulation  (Armstrong  "Armaflex"  pipe  insulation,  1.91 -cm  thickness 
on  the  columns  and  0.  95-cm  thickness  on  the  cooling-water  lines). 

In  the  operational  checkout  of  the  reactor  unit,  the  column  showed  entrainment  of 
silica-gel  particles  from  its  open  top.  A  considerable  temperature  difference  between 
the  column  interior  and  coolant  during  sorption  also  indicated  poor  heat-transfer  charac¬ 
teristics  of  the  unit.  Therefore,  new  columns  were  designed  and  constructed.  In  the 
modified  design,  shown  schematically  in  Figure  9,  thickness  of  the  inner-tube  wall  was 
reduced  and  the  longitudinal  fins  in  the  column  interior  were  extended  to  the  inner  wall 
to  improve  heat  transfer.  Wire  screens  were  fastened  at  both  ends  of  the  column  to  con¬ 
tain  and  to  prevent  entrainment  of  solids. 

The  columns  in  the  reactor  loops  (SG-1,  -2,  -3,  and  -4)  were  loaded  with  an  equal- 
volume  mixture  of  a  buffer-grade  (Davison  Grade  59)  and  a  regular-grade  (Davison 
Grade  05)  silica  geJ.  The  buffer-grade  gel  was  loaded  in  the  lower  half  of  the  column, 
which  comes  into  initial  contact  with  moisture-bearing  recycle  gas.  Each  column  was 
loaded  with  153  g  (approximately  390  cm*'  and  271  g  (approximately  385  cm*)  of  the 
buffer-grade  and  the  regular-grade  gel,  respectively.  The  column  without  silica  gel 
weighed  approximately  1.8  kg. 


Instrumentation  and  Controls 


The  control  scheme  adopted  for  operating  the  reactor  unit  involved  (1)  feeding  the 
entire  output  of  hydrogen  from  the  electrolysis  unit  into  the  reactor  unit,  (?)  regulating 
the  feed  rate  of  carbon  dioxide  automatically  to  maintain  the  concentration  of  carbon 
dioxide  in  the  recycle-gas  mixture  within  a  given  range,  and  (3)  controlling  the  operating 
pressure  below  258  mm  Hg  gage  by  regulating  the  recycle  rate  manually. 


Equipment  Assembly  and  Preliminary  Checkout 

A  support  frame,  with  dimensions  of  158-cm  width  by  177-cm  height  by  82 -cm 
depth,  was  constructed  to  mount  the  entire  laboratory -model  system,  instruments  and 
valves  were  mounted  on  a  panel  board,  158  cm  wide  and  128  cm  high.  A  front  view  of 
the  assembled  unit  is  shown  in  Figure  10.  Reactor  units,  silica-gel  columns,  elect; 
lysis  unit,  and  blowers  were  mot;  .led  behind  the  instrument  panel.  A  side-rear  view  oi 
the  assembly,  given  in  Figure  II,  shows  various  instruments  on  the  right  and,  on  the 


Legend  for  Figure  8 


(1)  Recycle-gas  outlet;  3/8-inch  copper  tubing,  0.953-cm  OD  by  0.089-om  wall 

(2)  Removable  lid;  copper  plate,  7.05-cm  diameter  by  0.635-cm  thickness 

(3)  "Neoprene"  O-ring 

(4)  Silica-gel  column;  2-inch  copper  tubing,  5.08-cm  OD  by  0.  159-cm  wall  by  43.  18-cm 
length 

(5)  Cooung-water  jacket;  2-1/2-inch  brass  tubing,  6.  35-cm  OD  by  0.  159-cm  wall  by 
35.  56-cm  length 

(6)  Silica-gel  bed 

(7)  Annular  cooling -water  channel 

(8)  Four  longitudinal  fins;  copper,  1. 27-cm  width  by  0.  203-cm  thickness  by  37.  10-crn 
length 

(9)  Cooling -water  channel;  1/ 2-inch  copper  tubing,  1 . 27-cm  OD  by  0.  089-cm  wall 

(10)  Silica -gel -support  screen;  Type  304  stainless  steel,  16  mesh  (0. 0508-cm-OD  wire) 

(11)  Recycle-gas  inlet;  3/8-inch  copper  tubing,  0.  953-cm  OD  by  0.089-cm  wall 

(12)  Cooling-water  inlet;  3/8-inci  copper  tubing,  0.953-cm  OD  by  0.089-cm  wall 

(13)  Cooling-water  outlet;  3/8-inch  copper  tubing,  0.  953-cm  OD  by  0.089-cm  wall 
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Reoctor-  Recycle  Gas  Out 


Reoctor -Recycle  Gas  In 


FIGURE  8.  SI L1C A- GEL  ADSORPTION  COLUMN 
(SG-1,  -2,  -3,  -4,  and  -5) 
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.  ADSORPTION  COLUMN 


FIGURE  10  FRONT  VIEW  OF  LA  BORA  TORY- MODEL,  ASSEMBLY 


FIGURE  II.  SIDE-REAR  VIEW  OF  LABORATORY- MODEL  ASSEMBLY 


left,  two  reactors  (one  of  them  insulated)  and  the  electrolysis  unit  located  between  the 
reactor  units. 

Preliminary  checkout  of  the  reactor  units  for  leakage  revealed  cracks  in  one  of  the 
reactors.  Difficulty  was  also  encountered  in  sealing  the  "Conoseal"  joints  using  a  stain¬ 
less  steel  ga  sket  supplied  with  .ie  equipment.  After  repeated  failure  with  new  gaskets, 
leakage  was  stopped  by  replacing  the  gasket  with  a  ring-shaped  gaiket  fabricated  of 
copper.  The  differential-pressure  gages  also  showed  substantial  leakage  and  had  to  be 
disconnected  entirely  from  the  reactor  unit. 

Water  Electrolysis 

The  1/2-man,  matrix-type,  Pd-25Ag  electrolysis  unit,  which  was  designed  and 
constructed  for  the  integrated  laboratory-model  system,  is  shown  in  Figure  12.  Assem¬ 
bly  parts  of  the  unit  are  shown  and  described  in  Figures  13  through  18.  The  unit  was 
designed  to  operate  on  a  28 -volt  d-c  power  source  at  a  nominal  current  of  4.  6  amperes 
and  a  current  density  of  37  ma/cni^  at  electrolyte  temperatures  between  70  and  75  C. 
Under  these  conditions  and  with  the  electrodes  connected  in  series,  each  of  14  individual 
cells,  which  constitute  the  unit,  would  operate  at  an  estimated  cell  voltage  of  2.0  volts. 
The  power  requirement  lor  the  electrolytic  production  of  oxygen  at  a  nominal  rate  of 
453  g/'day  was  estimated  as  127  watts.  The  fixed  weight  and  volume  of  the  unit,  fully 
activated,  were  found  to  be  1. 32  kg  and  1, 290  cm^,  respectively.  Assuming  a  pow-er 
penalty  of  136  g/watt,  the  total  weight  penalty  of  the  unit  was  estimated  as  37.  2  kg/man; 
which  compares  favorably  with  other  water-electrolysis  units. 

Figure  13  is  a  photograph  showing  a  layout  of  the  parts  that  form  a  cell:  stainless 
steel  hydrogen-gas  header  with  end  caps,  two  platinum-rod  current  conductors,  Teflon 
header  plate,  Teflon  cathode  tube  receptical,  microporous  polyvinylchloride  (PVC) 
matrix,  80-mesh  Pt-lORh  anode  screen,  and  twenty  1.6-mm  OD  by  0.076-mm  wall  by 
13.  5  cm  long  Pd-25Ag  cathode  tubes.  The  cell  assembly  minus  matrix  and  anode  screen 
is  shown  in  Figure  14.  A  completed  cell,  impregnated  with  electrolyte  and  ready  for 
stacking  is  shown  in  Figure  15.  The  void  space  between  cathode  tubes  are  filled  with 
chemically  pure  grade  calcium  oxide  (CaO)  powder.  Cells  are  stacked  into  a  stainless 
steel  container  that  is  fitted  with  a  mitered  Teflon  upper  cell  baffle  and  a  slotted  Teflon 
lower  cell  rack  to  po -:tior.  and  hola  the  cells  in  place.  These  assembly  parts  with  two 
Teflon  side  liners  (to  proved  an  all- Teflon  enclosure  for  the  cells)  are  shown  in  Figure 
16. 

Assembly  of  the  unit  is  accomplished  by  inserting  the  cells  through  the  right  side 
opening  of  the  metal  container  (Figure  16)  and  positioning  the  tube  receptical  into  its 
corresponding  slot  of  the  lower  ceil  rack,  A  Teflon  baffle,  designed  to  apply  a  slight 
positive  contact  pressure  on  the  anode  screen,  is  positioned  between  each  cell.  The 
baffle  is  milled  (right-angle  cross  milled)  so  as  to  keep  the  cathode  tubes  aligned,  pro¬ 
vide  for  a  0,98-mm  vapor  space  above  the  matrix,  and  provide  for  an  even  distribution 
of  the  vapor  over  the  entire  surface  of  the  matrix.  An  oblique  view  of  several  baffles 
sandwiched  between  the  two  baffle  end  plates  is  given  in  Figure  17.  In  the  photograph, 
spacers  were  used  between  the  baffles  to  illustrate  the  vapor  channels. 

The  sticking  arrangement  of  the  cells  and  oxygen  baffles  can  be  se>en  in  the  photo¬ 
graph  of  the  c.miDletcd  unit  shown  in  Figure  12,  The  amphenol  p.ug,  which  can  also  be 
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FIGURE  13.  LAYOUT  OF  PARTS  THAT  FORM  A  SINGLE  CELL  OF  THE  ELECTROLYSIS  UNIT 


FIGURE  14.  AN  ASSEMBLED  CELL  MINUS  MATRIX  AND  ANODE  SCREEN 


FIGURE  16.  DISPLAY  OF  COMPONENTS  OF  THE  ELECTROLYSIS  UNIT 


FIGURE  17.  SEVERAL  TEFLON  BAFFLES  STACKED  TOGETHER 
TO  SHOW  VAPOR  CHANNELS 

seen  in  Figure  12,  is  electrically  connected  to  measure  the  voltage  of  each  cell  and  tem¬ 
perature  of  the  stack  (electrolyte)  at  three  points,  using  small-gage  Chromel- Alumel 
thermocouples  positioned  on  the  inside  of  a  cathode  tube.  Electrical  power  connection  to 
the  unit  (two  banana-type  jacks)  can  be  seen  in  Figure  18,  which  is  a  photograph  of  the 
completed  unit  with  ducting  attached  and  ready  for  installation  into  the  oxygen  loop.  The 
latter  assembly  is  shown  in  Figure  )9.  The  flowsheet  of  the  oxygen  loop  is  shown  in 
Figure  2  given  previously. 

The  oxygen  loop,  rectangular  in  shape,  was  constructed  of  a  3 -inch  stainless  steel 
tubing  (7.  35-cm  OD  by  0.  089-cm  wall)  and  measures  34  cm  in  width  and  64  cm  in  height. 
The  loop  contains  the  electrolysis  unit  (E),  a  blower  ( B - 3 )  for  recirculating  oxygen,  a 
detecting  element  for  hydrogen  (H2-D/I),  a  humidity  -  sensing  element  (H-I/R),  and  a 
water-to-gas,  finned-tube  heat  exchanger  (HX-3).  Sight  glasses  were  provided  at  three 
corners  of  the  loop  to  detect  condensation  of  water. 


FIGURE  19.  ELECTROLYSIS  UNIT  IN  OXYGEN  LOOP 


SECTION  V 


OPERATION  OF  LABORATORY  -  MODEL  SYSTEM 


Most  of  the  testing  program  wa«  concerned  with  operation  of  the  COg  reduction 
unit.  The  initial  check  out  of  the  PdAg  electrolysis  unit  by  itself  was  unsuccessful  due 
to  a  number  of  start-up  problems.  Attempts  were  made  to  disassemble  and  reconstruct 
the  unit,  but  the  task  proved  to  be  time-consuming,  and,  therefore,  a  decision  was  made 
to  replace  the  unit  with  another  matrix-type  electrolysis  unit  with  a  phosphoric  acid 
electrolyte  to  carry  out  testing  of  the  integrated  system. 


Operational  Check-Out  of  PdAg  Electrolysis  Unit 


Due  to  spacing  problems  caused  by  the  incompressibility  of  the  matrix  and  anode 
screen,  two  of  the  14  cells  assembled  for  the  unit  were  omitted  in  the  final  fabrication. 

In  addition,  after  fabricating  the  unit,  three  of  the  remaining  12  cells  were  shorted. 

The  faulty  cells  were,  therefore’  electrically  bypassed  in  order  that  a  subsequent  test 
could  be  performed  with  the *remaining  nine  cells.  The  testing  was  carried  out  with  the 
electrolysis  unit  separated  from  the  Bosch  reactor  subsystem,  and  several  problems 
were  encountered  in  the  start-up.  These  problems  were  related  to  leakage  of  gas  in  the 
oxygen  loop,  inefficient  transmission  of  hydrogen,  and  apparently  poor  absorption  of 
water  vapor  in  the  electrolyte- impregnated  matrix.  The  attempt  to  operate  the  unit  at 
the  design  current  density  was  unsuccessful. 

In  the  experimental  run,  nitrogen  gas  was  circulated  through  the  loop  to  provide 
vapor  feed  and  temperature  control  for  the  electrolysis  unit.  The  temperature  control 
was  supplied  by  heating  the  circulating  gases  by  means  of  the  heat  exchanger  to  65  C 
(146  F).  Moisture  to  the  gas  stream  was  supplied  in  small  increments  as  liquid  water 
as  required  to  maintain  an  inlet  vapor  pressure  of  about  3i  mm  Hg.  At  these  inlet  con¬ 
ditions  and  without  electrolysis,  the  electrolyte  was  expected  to  approach  a  concentra¬ 
tion  of  about  46  percent.  After  2  hours  of  matrix  conditioning,  28  volts  (3.  1  volts /cell) 
was  applied  to  the  unit.  The  corresponding  unit  current  initially  measured  90  ma  and 
slowly  decreased  (2  minutes)  to  50  ma  after  which  the  applied  voltage  was  removed. 

The  electrolyte  was  not  yet  sufficiently  humidified  to  support  electrolysis.  The  electro¬ 
lyte  had  solidified  during  fabrication  and  storage  of  the  cells,  which  was  carried  out  in 
a  glovebox  purged  with  dry  nitrogen. 

The  inlet  partial  pressure  of  the  gas  stream  was  subsequently  increased  to  about 
36  mm  Hg,  which  corresponds  to  an  electrolyte  concentration  of  about  44  percent  at  the 
64  C  inlet  temperature.  After  another  2  hours  of  matrix  conditioning  at  these  conditions. 
20  volts  (2.  2  volts/cell  average)  was  applied  to  the  unit,  and  the  current  response  indi¬ 
cating  polarisation  was  the  same,  this  time  initially  measuring  about  60  ma  and  slowly 
decreasing  to  20  ma. 

Testing  of  the  unit  was  continued  for  an  additional  1 6 hours  at  the  inlet  conditions  of 
64  C,  36  mm  Hg  vapor  pressure,  and  an  estimated  320  liters/min  in  gas  flow.  Periodi¬ 
cally,  electrolysis  was  attempted  with  the  application  of  20  volts.  However,  current  re¬ 
sponse  was  always  poor.  Best  results  were  obtained  just  prior  to  termination  of  testing 
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when  a  current  of  400  ma  {0.  33  ma/cm^  current  density)  was  maintained  for  about  45 
minutes.  Due  to  the  polarized  conditions,  however,  H2  transmission  efficiency  was  low 
(40  percent),  and  buildup  of  hydrogen  in  the  loop  to  an  explosive  mixture  necessitated 
termination  of  electrolysis. 

Failure  of  the  electrolysis  unit  to  perform  satisfactorily  is  believed  to  be  due  to  a 
partially  solidified  electrolyte  that,  as  the  above  results  indicate,  was  inordinately  slow 
in  establishing  the  desired  saturation  level.  Possibly,  the  calcium  oxide  support  may 
have  had  a  bearing  on  the  vapor-absorption  problem. 

Following  the  initial  operational  check  out,  the  electrolysis  unit  was  completely 
disassembled  to  recover  and  clean  the  electrodes.  The  task  of  reconstructing  the  unit 
for  further  testing  appeared  to  be  time-consuming  and,  therefore,  was  abandoned  in 
favor  of  replacing  the  entire  unit  with  an  available  matrix-type  water  vapor  electrolysis 
unit  with  phosphoric  acid  electrolyte. 


Silica-Gel  Adsorbers 


The  silica-gel  column  shown  in  Figure  9  was  employed  for  removal  of  water 
from  the  reactor  recycle  gas.  Moisture  content  of  the  recycle  gas  at  the  adsorber  out¬ 
let  was  monitored  continuously  to  detect  breakthrough  of  the  column.  Ice  water  was 
circulated  through  the  column  as  coolant  dur.ng  the  sorption  period.  When  the  absorber 
started  to  break  through,  CC>2  feed  to  thu  reactor  unit  was  shut  off  and  feed  was  con¬ 
tinued  for  5  minutes  to  reduce  CO2  concentration  in  the  recycle  gas  to  0.  4  percent. 

After  the  adsorber  saturated  with  water  was  taken  off  the  reactor  loop,  the  recycle 
gas  in  the  adsorber  was  removed  by  evacuation  for  30  seconds  with  a  vacuum  pump. 
Desorption  was  carrieo  out  using  cylinder  nitrogen  as  a  carrier  gas  and  at  a  bed  tem¬ 
perature  of  94  C  using  steam.  The  carrier  gas  was  passed  through  a  gas-dispersion 
tube  containing  0.  01 N  NaOH  and  BaC^  in  solution  to  trap  CO2. 

A  total  of  311  g  of  water  was  recovered.  Analysis  of  the  solution  in  the  trap 
showed  the  total  amount  of  CO^  evolved  from  the  adsorber  to  be  0.  £38  millimoles,  which 
is  equivalent  to  3.36  x  10-5  g  CC>2/g  H^O.  On  this  basis,  22.2  percent  of  the  NaOH 
electrolyte  in  the  matrix- type  PdAg  electrolysis  unit  would  be  converted  to  Na2COj  by 
CO2  carried  over  from  the  CO2  reduction  unit  in  1  year  of  operation.  The  low  value 
indicates  that  the  procedure  adopted  for  CO2  removal  is  adequate. 

The  small  amount  of  CO2  might  be  removed  ahead  of  an  alkaline  electrolysis  unit 
Although  removal  of  CO^  is  not  needed  for  an  acid  electrolysis  unit  from  the  standpoint 
of  electrolyte  degradation,  removal  of  CO^  and  CO  from  the  recycle  gas  would  be 
desirable  to  recover  oxygen  from  the  waste  gas  to  be  vented  by  evacuation 

Typical  performance  data  of  the  adsorption  column  in  the  re.it  tor  loop  are  sum¬ 
marized  in  Table  II.  Results  indicate  that  silica-gel  adsorbers  have  a  high  sorption 
capacity  and  are  capable  of  efficiently  removing  water  from  the  recycle-gas  stream 

Repeated  use  of  the  adsorbers  over  five  or  more  cyc  les  of  sorption  and  desorption 
rc-vciled  degradation  by  br<  tkup  of  the  regular-grade  silica  gel.  Apparently  the  deg  rod 
ation  was  caused  by  abrupt  im  lease  m  humidity  during  desorption.  The  regulat  -grade 
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gel  sulfers  physical  decrepitation  under  conditions  of  extremely  high  humidity,  whereas 
the  buffer-grade  gel  is  unaffected.  It  has  been  found  that  molecule* -sieve  pellets 
(Type  )3X)  should  be  a  satisfactory  replacement  lor  the  regular-grade  silica  gel  from 
degradation  standpoint.  The  two  materials  have  approximately  the  same  bulk  density 
(0.  64  g/cm^).  Under  identical  operating  conditions,  the  molecular  sieve  was  found  to 
have  about  40  percent  lower  sorption  capacity  than  the  regular-grade  silica  gel.  On 
this  basis,  the  sorption  capacity  of  a  system  consisting  of  50  percent  by  volume  of  buffer- 
grade  silica  gel  in  the  gas-inlet  side  and  50  percent  by  volume  of  molecular  sieve  13X  in 
the  gas-outlet  side  will  be  0.  52  g  H^O/g  adsorbent,  which  is  still  high  compared  with  a 
value  of  0.214  assumed  in  the  predesign  analysis. 


TABLE  II.  SILICA-GEL- ADSORBER  PERFORMANCE  DATA 


Weight  of  Silica  Gel:  Buffer  Grade,  g  153 

Regular  Grade,  g  271 

Recycle  Gas  Flow,  liters /min/liter  of  gel,  STP  15.5 

Inlet  Dew  Point,  C  31 

Outlet  Dew  Point,  C  Below  -11 

Water-Removal  Rate:  g/hr  26.5 

g/hr/g  of  gel  0.0625 

Coolant:  Temperature,  C  7.2 

Flow  Rate,  1/min  7 

Bed  Temperature,  C  10.  0 

Upper  Limit  of  Sorption  Capacity,  g  I^O/g  gel  0.73 


Switching  of  columns  in  the  reactor  loop  r squired  less  than  10  minutes  between 
the  time  CO2  feed  was  shut  off  to  the  first  column  and  the  time  steady-state  operation 
was  attained  with  the  second  column.  During  column  switching,  the  CO2  feed  would  be 
shut  off  for  5  minutes,  which  would  penalize  the  CO2- storage  tank  for  a  small  additional 
capacity  for  5.  3  liters,  STP,  of  COj  in  a  3- man  system. 


Carbon- Dioxide  Reduction 


The  predcstgn  analysis  of  the  hatch  process  showed  four  major  parameters  con¬ 
tributing  to  weight  and  power  penalties  associated  with  reduction  of  carbon  dioxide. 
These  parameters  arc  listed  in  Table  III 
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TABLE  UI.  WEIGHT  AND  POWER  PENALTIES  FOP 
BATCH-PROCESS  REACTOR 


Item 


Fixed  Weight, 

kg 


Power, 

watt 


Equivalent 
Weight,  kg 


Heat  loaa  by  conduction  --  148.  i  20.  1 

Senaible-heat  loaa  of  recycle  gaa  —  169.5  23.  1 

Expendable  catalyat  29.8 

Expendable  catalyat  canister a  23.8 


Heat  loas  from  the  reactor  unit  by  conduction  through  insulation  is  determined  by  the 
reactor  temperature.  If  the  temperature  is  reduced  by  50  C  from  the  design  level  of 
648  C  at  the  reactor  wall,  the  heat  loss  will  be  reduced  by  12.  2  watts  or  by  1. 7  kg  of 
equivalent  weight  penalty.  Similarly,  a  10  percent  reduction  in  recycle  rave  will  reduce 
the  aenaible-heat  loas  by  17  watts  or  bv  2.  3  kg  of  equivalent  weight  penalty.  The  weight 
of  expendable  catalyat  was  obtained  on  the  basis  of  a  carbon- catalyst  ratio  of  10  in  car¬ 
bon  deposit.  Prior  studies  have  shown  that  the  ratio  could  be  significantly  improved. 

If  the  ratio  is  increased  to  20,  the  catalyst  reouirement  will  be  reduced  by  50  percent 
or  by  14.  9  kg.  The  fixed  weight  of  expandable  catalyst  canisters  is  inversely  propor¬ 
tional  to  the  packing  density  of  carbon  deposit,  and  the  value  given  in  the  table  was 
obtained  by  assuming  a  carbon  density  of  0.  45  g/cml  The  assumptio..  appeared  to  be 
reasonable  based  upon  the  density  of  amorphous  carbon  at  1.  8  g/cm^  but  still  remained 
to  be  proven  in  practice.  From  these  considerations,  the  test  program  was  planned  and 
carried  out  to  attain  (1)  higher  carbon -catalyst  ratio  and  (2)  dense  packing  of  carbon 
deposit. 

Tests  results  from  reactor  operation  are  summarized  in  Table  IV.  The  reactor 
unit  was  operated  over  a  cumulative  period  of  about  300  hours. 


Check-Chit  Experiment 

The  reactor  unit,  shown  in  Figure  23,  was  tested  in  a  check  out  experiment  using 
a  premixed  feed  of  hydrogen  and  carbon  dioxide  in  approximately  2  to  1  ratio,  but 
slightly  deficient  in  hydrogen.  The  resetor  was  charged  with  66.  6  g  steel  wool  (Onyo 
gage)  as  catalyst.  The  steel  wool  as  received  was  cleaned  by  washing  in  succession 
with  toluene  and  acetone  and  by  drying  in  a  vacuum  oven  for  2  hours  at  150  C,  The  cata¬ 
lyst  was  activated  by  heating  under  circulating  hydrogen  (or  a  period  of  21  hours  at 
reactor  temperature  of  610  C  measured  st  the  outlet  of  the  reactor. 

Immediately  following  catalyst  activation  the  heaters  and  the  recycle-?.!:--  pump 
were  shut  do-ro  briefly  to  evacuate  the  unit  and  restarted  to  carry  out  reduction  experi¬ 
ments.  During  the  first  day  of  testing,  the  irn.ide  heater  and  the  aali  heater  were  main¬ 
tained  at  225  watts  and  H10  watts,  respectively.  The  reaction  rate  fluctuated 


t 


considerably  during  the  first  4  hours  of  testing  due  to  a  trial- and- error  method  of  con¬ 
trol,  which  involved  adjustment  of  feed  rates  of  the  premixed  gas  and  makeup  hydrogen 
to  prevent  an  excessive  buildup  of  reactor  pressure.  The  in-line  CO2  analyzer  had  not 
been  installed  and  therefore  was  not  available  for  controlling  reactor  operation.  As  the 
operator  gained  experience  in  controlling  the  reactor  under  manual  mode,  reactor  per¬ 
formance  improved  considerably. 

Results  from  the  second  day  of  operation  are  shown  in  Figures  20  and  21.  The 
reaction  rate,  expressed  in  terms  of  the  feed  rate  of  hydrogen,  was  high  initially  at 
relatively  low  temperatures.  Gas  analysis  showed  a  rapid  buildup  of  methane  in  the 
recycle  gas  during  this  period,  which  indicated  a  Sabatier-type  reaction  favored  by  low 
temperature.  The  reaction  rate  fell  sharply  during  the  first  hour  and  remained  relatively 
constant  during  the  next  hour  of  operation.  The  rate  increased  with  rising  reac.or  tem¬ 
perature  up  to  3.  6  hours  of  operation.  At  this  point  the  reaction  rate  was  470  cm^/ 
min,  STP,  at  600  C  and  a  recycle  rate  of  9.0  liters/min,  STP.  Following  an  increase 
of  recycle  rate  to  15.  2  liters/min,  STP,  the  reaction  rate  and  the  temperature  in¬ 
creased  to  630  cm^H^/min,  STP,  and  630  C,  respectively.  The  test  was  terminated 
when  the  silica-gel  column  in  the  recycle  loop  broke  through. 

The  test  established  that  the  unit  can  be  operated  at  well  above  the  design  capacity 
of  1/2-man  rate  of  440  cm^H^/min.  under  the  operating  conditions  indicated.  A  total  of 
102  g  of  carbon  was  recovered  from  this  test.  A  large  portion  of  the  steel-wool  catalyst 
was  recovered  intact.  The  catalyst  canister  was  stuck  in  the  reactor  and  had  to  be 
broken  up  for  removal.  This  was  caused  apparently  by  formation  of  carbon  in  the  narrow 
clearance  between  the  canister  and  the  inner  tube  of  the  reactor.  Deposits  of  carbon 
found  on  noth  canister  and  reactor-interior  surfaces  indicated  that  the  stainless  steel 
alloys  (Type  302  and  Type  347)  used  as  materials  of  construction  are  catalytically  active. 
These  firdings  suggested  modification  of  the  canister  in  terms  of  design  and  materials 
of  construction 


Catalyst  Activation 

Following  the  initial  check-out  experiment,  tests  were  carried  out  to  investigate 
the  catalyst- activation  problem  with  the  objectives  of  (1)  shortening  the  time  required 
for  activation  and  (2)  activating  the  catalyst  under  a  CO2  atmosphere. 

In  Test  59-49,  5  g  of  the  steel-wool  catalyst  in  as  -received  state  without  any  prior 
treatment  was  charged  into  the  reactor.  The  unit  was  evacuated,  filled  with  CO2,  and 
heated  to  593  C.  As  soon  as  H2  feed  was  turned  on,  the  reactor  pressure  started  to  rise, 
which  indicated  no  appreciable  reaction.  The  unit  was  evacuated  and  filled  with  hydro¬ 
gen,  The  catalyst  was  activated  in  H2  atmosphere  for  45  minutes  at  593  C.  Immediately 
following  activation,  CO2  feed  was  started,  and  the  reaction  proceeded  at  a  high  rate 
(676  cm^Hg/min,  STP).  The  test  result  indicates  that  hydrogen  activation  is  needed  but 
requires  less  than  i  hour. 


Operating  Period,  hr 


FIGURE  21.  REACTOR-RECYCLE  GAS  COMPOSITION  AT 
REACTOR  INLET 

(Test  59-31) 
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Recycle  Rate 


Effect  of  recycle  rate  on  the  reduction  rate  was  investigated  in  Test  89-13.  A 
part  of  test  data  taken  over  a  period  of  approximately  2  hours  is  shown  in  Figure  22. 
Operating  conditions  during  this  period  were  as  follows: 

Recycle-Gas  Composition  at  Reactor  Outlet,  mole  percent 


CO-, 

16 

co“ 

42 

ch4 

12 

H2 

28 

N2 

2 

Temperatures,  C 

At  reactor  outlet 

573 

Outside  wall  of  reactor 

715 

Test,  results  show  that  the  rate  of  reaction  increases  linearly  with  the  recycle  rate 
between  8  and  21  liters /min,  STP.  The  two  rates,  however,  are  not  directly  propor 
tional.  The  linear  relationship  between  the  two  variables  may  be  expressed  as: 

F  =  185  +  31.4  R, 


where 


F  =  reaction  rate  in  cm^H^/min,  STP 
R  =  recycle  rate  in  liters /min,  STP  . 


Recycle-Gas  Composition 

The  recycle-gas  composition  was  found  to  be  sensitive  to  changes  in  the  controlled 
level  of  CO^  concentration  in  the  gas  mixture  and  to  changes  in  reaction  temperature. 

In  general,  increase  in  CO^  level  raised  the  concentration  of  CO  and  lowered  the  concen¬ 
tration  of  CH^,  and  vice  versa.  Higher  reaction  tempc  '*ure  was  found  to  favor  CO 
buildup  and  to  lower  CH^  concentration.  A  part  of  data  collected  from  Test  89-13  is 
shown  <n  Figure  23,  which  shows  the  effect  of  lowering  CO^  level  rn  gas  composition 
No  significant  change  in  the  reaction  rate  resulted  from  lowe»  .«g  the  CC^  level  from  16 
to  7  percent.  Test  results  also  indicate  that  new  stead)  ■  state  condition  are  attained 
in  approximately  30  minutes  after  a  change  in  CO,  level  is  made.  Additional  experi¬ 
mental  data  obtained  in  Test  48-77  indicated  that  the  reaction  rate  is  independent  of  the 
CO^  level  betwee’  L  and  10  percent,  measured  at  reactor  outlet,  but  is  lowered  signifi¬ 
cantly  at  3  percent  of  CQ^.  The  task  of  reactor  control  is  expected  to  be  easy  as  far  as 
recycle  gas  compositions  are  concerned,  since  the  reaction  rate  is  unaffected  by  com¬ 
position  changes  over  a  wide  range. 
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Reactor  Temperature 

Temperature  measurements  were  made  at  the  outside  wail  of  the  tubular  section 
of  the  reactor  and  in  the  outlet  gas.  In  Test  89- 1 3,  lowering  the  wall  temperature  by 
71  C  from  714  to  643  C  accompanied  by  a  decrease  of  47  C  in  the  outlet- gas  temperature 
fj  om  569  to  522  C  resulted  in  a  10  percent  reduction  in  the  reaction  rate  from  885  to  795 
cm  3H2/  min,  STP.  Taking  an  average  of  the  wall  and  the  gas  temperature  as  the  reac¬ 
tion  temperature,  the  corresponding  change  in  the  reaction  temperature  would  be  from 
642  to  583  C  or  a  decrease  of  59  C.  Considering  the  magnitude  of  change,  the  effect  of 
temperature  on  the  reaction  rate  was  found  to  be  relatively  small  within  above  range. 


Catalyst  Consumption 


The  problem  of  catalyst  requirement  was  approached  from  the  viewpoint,  based 
upon  prior  research,  that  iron  catalyst  is  consumed  in  the  reaction  and  cannot  be 
recovered  for  repeated  use.  The  catalyst  is  to  be  treated,  therefore,  as  an  expendable 
item  which  adds  to  the  total  system  weight. 

Following  the  initial  check-out  test,  in  which  66.  6  g  of  the  steel-wool  catalyst  had 
been  used,  the  amount  of  catalyst  charge  was  reduc'd  to  5  g  in  Test  59-49  to  investigate 
the  effect  of  the  change  on  reaction  rate  and  the  ultimate  carbon- iron  ratio  in  the  carbon 
product.  The  test  was  carried  out  in  the  original  reactor- canister  configuration  shown 
previously  in  Figure  3.  Experimental  data  are  shown  in  Figures  24  and  25.  The  test 
was  carried  out  in  three  periods,  and  the  reactor  was  shut  down  overnight  after  each 
test  period.  The  recycle  rate  decreased  continuously  as  the  test  progressed  due  to 
buildup  of  carbon  and  increasing  pressure  drop  in  the  reactor.  A  small  portion  of  the 
recycle  gas  was  continuously  purged  to  stabilize  buildup  of  nitrogen,  which  originated 
from  commercial-grade  feed  gases.  A  total  of  129.  9  g  of  carbon  was  recovere'4  from 
the  test.  Analysis  of  the  product  ior  iron  obtained  by  a  combustion  method  is  given  in 
Table  V.  A  small  amcunt  of  product  containing  a  relatively  large  amount  of  unused 
steel-wool  catalyst  was  recovered.  In  the  remairmg  bulk  of  the  product  obtained,  the 
carbon- to- iron  ratio  ranged  between  23  and  51  with  an  overall  value  of  30,  which  is 
three  times  as  high  as  the  predesign  estimate. 


TABLE  V  ANALYSIS  OF  CARBON  FROM  TEST  59-49 


Weight, 

8 

Carbon-to-Iron 
Ratio,  g 

Remarks 

66  3 

50.  8 

Carbon  removea  from  top  part  of 
cai  ster  or.  gas-inlet  side. 

51  S 

22  9 

Carbon  removal  from  bottom  part  of 
canister  on  gas-outlet  side. 

2.  1 

0,  2 

Carbon  containing  large  proportion  of 
unused  catalyst. 

dlS'wu/uajn  *0)0(1  opAoay 


8  8  8  8  8  S  g  ?  • 


D  'o*v*oj*duj*i  >ot»0(i 
<US  'UI‘U/flU3  '*y>(j  PMJ 


I 

1 

w 

2 

f 

E 

3 


43 


FIGURE  24.  REDUCTION  OF  CARBON  DIOXIDE 
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FIGURE  25.  REDUCTION  OF  CARBON  DIOXIDE 


Continuous  decrease  in  reaction  rate,  as  shown  in  Figure  26,  was  apparently 
caused  by  (1)  decrease  in  recycle  rate  and  (2)  increase  in  carbon-to-iron  ratio.  In  order 
to  clarify  the  latter  effect,  the  reaction  rate  was  corrected  to  the  initial  recycle  rate  of 
12.  6  livers /min,  based  upon  the  linear  relationship  between  the  reaction  and  the  recycle 
rates  as  shown  in  Figure  22.  The  adjusted  rate  curve  was  then  integrated  to  establish 
the  relationship  between  the  reaction  rate  and  the  carbon-to-iron  ratio.  Results,  plotted 
in  Figure  26,  indicate  that  the  reaction  rate  initially  goes  through  a  maximum,  remains 
constant  until  the  carbon-to-iron  ratio  reaches  about  24,  and  decreases  thereafter.  On 
the  basis  of  a  carbon-to-iron  ratio  of  24,  the  predesign  estimate  on  expendable -catalyst 
requirement  will  be  reduced  from  24.  2  kg  to  10.  1  kg. 


FIGURE  26.  EFFECT  OF  CARBON-TO-IRON  RATIO  ON  REACTION  RATE 

(Test  59-49;  Recycle  Rate,  12.6  liters/min,  STP;  Reactor 
Temperature,  595  C) 


Reactor  Modification  and  Extended  Test 


The  original  reactor  desigi,  shown  in  Figure  23,  was  found  after  several  tests  to 
have  deficiencies  that  caused  premature  shutdown  of  the  reactor  due  to  excessive  buildup 
of  preisure  drop  through  the  reactor.  Pressure  drop  was  caused  by  formation  of  carbon 
outside  the  catalyst  canister  throughout  the  reartur  interior,  especially  inside  the 
reactor-outlet  line,  and  by  the  long  flow  passage  from  tcp  to  bottom  of  the  canister. 

Since  attainment  of  high  packing  density  and  full  utilisation  of  the  catalyst-canister 
volume  required  extended  reactor  operation,  several  modifications  of  the  reactor- 
canister  assembly  were  undertaken. 


Figure  27  shows  simplified  schematics  of  the  original  and  modified  reactor- 
canister  configurations.  The  following  changes  were  made  in  the  design  and  operation 
of  the  modified  unit: 

(1)  A  new  catalyst-canister  (A)  was  fabricated  from  a  50  by  70-mesh  Monel  screen 
rolled  into  a  70-cm-lD  by  273- cm-len^th  tube.  The  screen  was  closed 

at  the  bottom  by  a  Monel  sheet  and  supported  on  the  side  by  four  longitudinal 
strips  of  Monel,  1.27  cm  in  width.  The  strips  were  fastened  to  the 
canister  cap,  also  fabricated  from  Monel,  to  give  overall  support  to 
the  canister.  Monel  was  selected  on  the  basis  of  some  preliminary 
test  results  obtained  with  a  Monel  icreen,  which  had  indicated  that 
carbon  would  not  form  on  Monel  surface.  The  conclusion,  however, 
has  proved  to  be  inaccurate  in  a  subsequent  test  in  which  Monel 
deteriorated  over  an  extended  test  period. 

(2)  The  inner  reactor  tube  (B)  including  a  portion  of  the  reactor- outlet 
line  was  fabricated  from  Monel. 

(3)  The  interior  surface  of  the  reactor  (C)  was  electroplated  with  copocr 
to  approximately  0.  05-mm  thickness. 

(4)  The  recycle-gas  flow  through  the  reactor  was  reversed  so  that  the  gas 
enters  at  the  bottom  of  the  reactor,  flows  radially  inward  through  the 
canister  screen,  and  exits  from  the  top  of  the  catalyst  canister. 

An  extended  test  was  carried  out  with  the  modified  reactor-canister  unit  over  a 
period  of  39  hours.  The  canister  was  charged  initially  with  20  g  of  the  steel-wool  cata¬ 
lyst.  Experimental  data  from  the  teat  are  shown  in  Figure  28.  During  the  first  half  of 
the  test  period,  the  operating  conditions  fluctuated  while  attempts  were  made  to  estab¬ 
lish  steady-state  reactor  temperature  and  recycle-gas  composition.  Best  results  were 
obtained  by  using  the  outside  wall  heater  alone  with  the  inside  heater  off  and  maintaining 
CC>2  concentration  in  the  recycle  gas  at  a  relatively  high  level.  Steady-state  operation 
was  achieved  during  the  latter  half  of  the  test  period,  and  the  reaction  rate  did  nor  drop 
when  the  test  was  terminated.  The  reaction  rate  decreased  momentarily  on  two  occa¬ 
sions  when  the  recycle  rate  and  the  temperature  were  decreased,  but  the  rate  recovered 
when  the  disturbances  were  removed.  Data  taken  during  steady-state  operation  toward 
the  end  of  the  test  are  summarised  in  Table  VI.  A  carbon- to- catalyst  ratio  of  20  and  a 
packing  density  of  0.  47  g/cm*  of  the  carbon  product  based  on  the  catalyst-canister 
volume  were  obtained.  The  packing  density  attained  is  close  to  the  predesign  estimate 
of  0.  45  g/cml 

A  photograph  of  the  reactor-cap  and  inside-heater  assembly  in  Figure  29  shows 
copper-plated  interior  of  the  cap  after  the  test.  The  surface  remained  mostly  clean  and 
free  of  carbon  deposit,  except  for  some  that  apparently  had  been  carried  over  from  tne 
canister.  Figure  30  shows  carbon  product  recovered  from  the  test,  including  a  few 
chunk .  in  the  foreground,  and  the  catalyst  canister  recovered  from  the  extended  test. 

The  Monel  screen  was  severely  attacked  and  has  deteriorated,  most  likely  due  to  nickel 
carbide  formation. 
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Original  Design  and  b.  Modified  Design  and 

60s  Flow  Gas  Flow 

(A)  Catalyst  canister 

(B)  Inner  reactor  tube 

(C)  Interior  surface 


FIGURE  2?.  REACTOR  MODIFICATION 
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FIGURE  28.  EXTENDED  TESTING  OF  REACTOR 


FIGURE  30.  CARBON  PRODUCT  AND  CATALYST-CANISTER 
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TABLE  VI.  TEST  DATA  FROM  EXTENDED  OPERATION  OF 
MODIFIED  REACTOR  UNIT 

(Teat  89-13) 


Catalyst  Charge,  0000 -Gage  Steel  Wool,  g  20.  0 

Reactor  Temperature,  C 

At  reactor  outlet  570 

At  reactor  inlet  470 

At  outer  wall  of  reactor  715 

Recycle  Rate,  liters /min,  STP  21 

Recycle-Gas  Composition  on  H,0-Free  Basis,  mole  percent 

COz  16 

CO  40 

CH4  14 

Ho  28 

N2  2 

Reaction  Rate,  cm^  H2/min,  STP  850 

Carbon-to-Catalyst  Ratio,  g/g  20 

Carbon  Density,  g/cm^  0.47 


Materials  of  Construction 

Materials  that  have  been  found  to  be  catalytic  and  susceptible  to  deterioration  in 
the  reaction  environment  include  stainless  steels  (Type  304  and  Type  347),  nickel,  and 
Monel.  The  deterioration  is  most  likely  due  to  formation  of  metal  carbides  and  is  evi¬ 
dent  from  extended  exposure  to  the  reaction  environment.  In  order  to  confine  carbon 
formation  to  the  catalyst  canister,  none  of  the  above  materials  as  well  as  any  other  fer¬ 
rous  or  nickel  alloys  would  be  recommended  for  use  as  a  material  of  construction  for  the 
reactor  and  the  regenerative  heat  exchanger.  Copper,  bronze,  and  brass  have  been 
found  to  be  noncatalytic,  but  the  latter  two  have  a  poisoning  effect  on  iron  catalysts. 
Copper  becomes  brittle  and  structurally  weak,  but  it  effectively  inhibits  carbon  forma¬ 
tion  on  its  surface  and  remains  clean  in  the  reaction  environment.  Copper  appears 
promising  for  use  as  a  coating  material  on  a  substrate  of  a  high- temperature  alloy  to 
prevent  carbon  formation  and  protect  the  substrate  material. 


Carbon  Removal 


A  technique  was  desired  for  removing  carbon  product  without  shutdown  and  disas¬ 
sembly  of  the  rear* or  as  an  alternative  to  achieving  high  packing  density  of  carbon  in  the 
canister.  The  ter  .nique  would  depend  on  forming  the  carbon  as  loose  aggregates  of 
fine  particles  and  elutriating  the  fines  into  a  filter- collector  unit  by  periodic  reversal  of 
recycle-gas  flow. 

Figure  31  shows  schematically  a  carbon- removal  system  employed.  During 
normal  operation,  the  filter- collector  unit  was  isolated  from  the  reactor  loop  by  the 
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two-stack,  four-way  valve.  To  remove  carbon,  the  recycle-gas  flow  was  reversed 
through  the  reactor  and  the  regenerative  heat  exchanger  and  diverted  through  the  filter- 
collector  unit. 

Removal  of  carbon  was  unsuccessful  with  the  method  and  equipment  used.  The 
failure  is  attributed  to  a  need  for  loosening  and  breaking  up  carbon  formed  in  the  canister 
into  fine  particles.  The  reactor  unit  may  have  to  be  modified  extensively,  including  a 
mechanical  or  an  ultrasonic  device  for  breaking  up  carbon  and  also  perhaps  a  high- 
capacity  recycle  pump.  Considerable  development  work  would  be  needed  to  test  the 
technical  feasibility  of  the  proposed  method. 


Integrated  Operation  of  Carbon  Dioxide-Reduction  and 
Water-Electrolysis  Units 


In  order  to  establish  the  capability  of  adsorption  columne  for  water  transfer 
between  the  reactor  unit  and  a  vapor-feed  water- electrolysis  unit,  an  integrated  system 
was  assembled  and  tested.  For  this  purpose  a  phosphoric  acid  electrolysis  unit  was' 
employed.  The  unit  is  a  matrix-type  module,  operated  with  a  water-vapor  feed.  The 
system  was  not  completely  closed  because  the  electrolysis  unit  was  not  designed  to 
provide  hydrogen  under  pressure.  Hydrogen  feed  to  the  reacto.  -init  was,  therefore, 
supplied  from  a  cylinder  source.  Water  for  electrolysis  was  supplied  entirely  from  the 
reactor  unit  via  the  silica-gel  water- transfer  unit. 

The  water-electrolysis  unit  used  in  the  integrated- system  test  is  shown  in  Figure 

32.  The  unit  was  designed  for  operation  on  air  at  24  C  and  40  percent  relative  humidity 
to  produce  302  g  Og/day  (1/3-man  rate)  at  28  volts  and  907  kg  C^/day  (1-man  rate)  at 
32  volts.  Detailed  information  about  the  unit  is  given  by  Clifford*. 

A  flowsheet  of  the  electrolysis  unit  and  the  water-transfer  loop  is  shown  in  Figure 

33.  In  order  to  obtain  performance  data  in  experimental  study  of  a  matrix- type  vapor- 
feed  cell,  the  temperature  and  humidity  of  the  gas  at  the  cell  inlet  must  be  carefully 
controlled.  Temperature  control  was  achieved  within  1  C  of  a  set  level  by  on-off  con¬ 
trol  of  cooling- water  flow  through  the  heat  exchanger  (HX-3)  by  means  of  a  temperature 
controller  (TC).  To  control  humidity,  a  solenoid  valve  (SV)  installed  in  the  feed  line 
was  operated  by  a  humidity  indicator- controller  (H-I/C)  to  bypass  the  water  feed  when 
the  inlet  humidity  rose  above  a  set  point.  Warm  water  at  49  C  was  circulated  through 
the  storage-feed  column  (SG-5).  Secondary  control  of  water  feed  was  carried  out  by 
coarse  regulation  of  gas  flow  at  the  blower  (B-4)  to  keep  the  solenoid  valve  open  to  the 
electrolysis  unit  about  90  percent  of  the  time.  The  relative  humidity  of  the  gas  at  the 
cell  inlet  was  controlled  within  0.  5  percent  of  a  set  point.  The  dew  point  at  the  outlet  of 
the  storage-feed  column  (SG-5)  fluctuated  between  36.  6  C  and  43.  3  C,  but  the  fluctuation 
did  not  affect  humidity  control.  Close  control  of  temperature  in  SG-5,  therefore,  would 
not  be  needed.  The  electrolysis  unit  was  operated  at  a  1/2- man  rate  under  the  following 
conditions: 


Rate  of  O2  production,  g/day 
Current  density,  ma/cm2 
Inlet  temperature,  C 
Inlet  relative  humidity,  percent 


454 

38.  7 

28.  9  *  1.0 
40.  5  *  0  5 


*  Clifford,  |.  I.,  op.  cU. 
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Total  gas  flow  through  cell,  liters/min,  STP  495 

Current  efficiency  based  on  H2  collection,  percent  100  ±  1 
Gas- temperature  rise  through  cell,  C  9.  5 

Pressure  drop  through  cell,  cm  HgO  2.  8 


By  using  the  silica-gel  column  SG-5  for  intermediate  storage  of  feed  water,  the 
electrolysis  unit  and  the  reactor  unit  could  be  operated  more  or  less  independently  of 
each  other.  The  two  units  could  be  isolated  from  each  other  by  means  of  a  three-way 
valve  (V27)  and  shut-off  valves  (V23  or  V41)  during  periods  in  which  the  reactor  unit 
was  shut  down  to  switch  silica-gel  columns  in  the  reactor  unit.  The  integrated  system 
was  operated  for  47  hours  over  a  7-day  period.  The  reactor  unit  was  operated  at 
slightly  over  a  1/ 2-man  rate;  excess  water  produced  was  collected  in  a  trap  installed 
in  the  line  bypassing  the  electrolysis  unit.  The  performance  of  the  electrolysis  unit 
was  consistent  and  free  of  operational  upsets,  such  as  flooding  and  dehydration  of 
matrix.  The  test  established  conclusively  the  technical  feasibility  of  operating  silica-gil 
columns  under  gravity- independent  condition  for  removal  of  water  vapor  from  the  reac¬ 
tor  unit  and  for  transfer  and  feeding  of  water  vapor  to  a  matrix-type  electrolysis  unit. 
Thus,  the  new  appraoch  to  an  integrated  Bosch/electrolysis  system  does  not  involve 
liquid  water  and  avoids  gar /liquid  separation  problems. 


SECTION  VI 
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DESIGN  OF  A  3- MAN  SYSTEM 

On  the  basis  of  research  performed  in  this  program,  design  calculations  were 
made  on  a  3- man  integrated  system  to  obtain  estimates  of  fixed  weight  and  power  re¬ 
quirement.  The  system  consists  of  a  carbon  dioxide- reduction  unit  and  a  phosphoric 
acid  water- electrolysis  unit.  The  design  method  developed  in  the  predesign  analysis 
was  used. 

Reactor  Unit 

A  schematic  diagram  of  a  proposed  reactor- heat  exchanger  assembly  id  shown  in 
Figure  34.  The  reactor  consists  of  a  tubular  section  with  a  removable  top  to  which  a 
catalyst-canister  is  attached.  The  catalyst  canister  is  made  of  two  concentric  tubes  of 
wire  screens  and  supported  by  a  plate  Attached  to  an  inner  reactor  tube  which  is  perfor¬ 
ated.  Gas  enters  at  the  bottom  cf  the  reactor,  flows  radially  inward  through  the  canister 
and  into  the  inner  tube,  and  exits  at  the  bottom  of  the  reactor.  The  heat  exchanger  is  a 
cross-flow,  multipass  unit  with  plate-fin  surfaces.  Heat  is  supplied  from  a  tubular 
heater  located  around  the  outside  wall  of  the  reactor.  Design  calculation*  are  summar¬ 
ised  in  Table  VII. 

Specifications  ard  operating  characteristics  of  the  primary  water- adsorption 
columns  in  the  reactor  loop  and  the  secondary  adsorption  column  in  the  water- transfer 
loop  for  water  storage  are  given  in  Tables  VUI  and  IX,  respectively.  Design  features 
are  given  schematically  in  Figure  26.  Cooling  and  heating  requirements  were  estimated 
by  assuming  the  use  of  Coolanol-45  as  the  heat- transfer  fluid. 

Electrolysis  Unit 

Estimates  of  fixed  weight  and  power  requirement  for  a  phosphoric  acid  water-vapor 
electrolysis  unit  is  given  by  Clifford*.  The  values  reproduced  in  Table  X  are  obtained 
on  the  basis  of  an  optimum  current  density  of  16. 1  ma/cm?  and  a  power  penalty  *n?  0.  H6 
kg/watt  (0.  3  lb/watt).  The  weight  and  power  penalties  for  the  water- vapor  et  -etroiyaia 
cell  are  2.  3  kg  and  93  watts  higher  in  comparison  a  palladium- silver  electrolysis 
unit  with  an  alkaline  electrolyte.  The  acid  r.eii,  however,  ran  be  operated  with  moisture 
in  cabin  air,  and  this  could  provide  alternative  approaches  to  system  integration. 


Weight  and  Powe  -  Estimates  on  Integrated  System 


Total  fixed  weight  and  power  estimates  on  an  integrated  J-  man  eyetem  is  summar¬ 
ised  in  Table  XI.  The  propoaed  batch-process  eyatem  consists  of  two  separate  srbon 
dioxide- reduction  unite  to  be  operated  alternately  and  a  phosphoric  acid  water* 
electrolysis  unit.  The  fixed  weight  of  expendable  catalyst  and  catalyst-canister  wa* 
obtained  on  the  baeie  of  catalyet  requirement  of  I  gram  per  20  grama  of  carbon  proc  eed 
and  a  carbon- packing  danaity  of  0.  45  g/em*  in  the  catalyet  canister  The  total  wvi_-  t 
penalty  wee  estimated  as  II?  kg,  which  compares  favorably  with  a  weight  penalty  29 
kg  estimated  for  e  continuous  process  with  one  reactor  unit. 

*fm*CT  *f  TT«y 
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TABI  E  VII.  DESIGN  AND  OPERATING  CHARACTERISTICS  OF 
REACTOR -HEAT  EXCHANGER  ASSEMBLY 

(3- Man  System) 


Basis,  kg  COj/day 
Material  of  Construction 


Insulation:  Thermal  Conductivity, 
watt/cm^  C/m 
Density,  g/cm^ 

Reactor 

Designation 

Operating  Time/Cycle,  days 
Bulk  Density  of  Carbon  Deposit,  g/crr 
Catalyst-Canister  Volume,  cm’ 
Dimensions:  OD  of  Wall  Heater,  cm 
Length,  cm 

Temperature  at  Heater  Surface,  C 
Insulation  Thickness,  cm 
CO2  Concentration  at  React  jr  v  et, 
mole  percent  on  H2©-free  basis 
Recycle  Rate,  liters /min,  STP 
Fixed  Weight,  kg 
Heater  Fower,  watts 

Heat  Exchanger 
Designation 
Core  Dimensions,  cm 
Outside  Dimensions,  cm 
Insulation  Thickness,  cm 
Fixed  Weight,  kg 


High- temperature  alloy 
with  copper  coating 

0.069 

0.064 

P-1,  R-2 
2 

0.47 

3480 

17.4 

24.2 

715 

15 

16 

61.7 

10.8 
295 

HX-1,  HX-2 
3.8  x  3.8  x  22.9 
2.  7  OD  by  22.  9  length 
10 
4.4 


TABLE  VIII.  PRIMARY  WATER-ADSORPTION  COLUMNS 
IN  REACTOR  UNIT 

(3- Man  System) 


Designation 

Adsorber  Dimensions:  OD,  cm 

Length,  cm 

Adsorbent:  Buffer-Grade  Silica  Gel  at  Gas  Inlet,  g 
Molecular  Sieve  13X  at  Gas  Outlet,  g 

Adsorption:  Coolant  Specific  Heat,  cal/g  C 
Coolant  Temperature,  C 
Coolant  Flow,  kg /min 
Adsorption  Cycle,  hr 
Adsorption  Rate,  g  H20/hr 
Adsorption  Capacity,  g  H20/g  solid 

Desorption:  Heating-Fluid  Specific  Heat,  cal/g  C 
Heating-Fluid  Temperature,  C 
Heating-Fluid  Flow,  kg/min 
Desorption  Cycle,  hr 
Desorption  Rate,  g  H20/hr 

Fixed  Weight,  kg 


SG-1,  SG-2, 
SG-3,  and  SG-4 


0.  45 
5 
5 
5 

102.  1 
0.  5 

0.45 

100 

5 

4 

127.  5 
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TABLE  IX.  SECONDARY  ADSORPTION  COLUMN 
IN  WATER -TRANSFER  LOOP 

(3- Man  System) 


Designation 

Adsorber  Dimensions:  OD,  cm 

Length,  cm 

Adsorbent:  Buffer-Grade  Silica  Gel,  g 

Water  Content:  Maximum,  g  HgO/g  solid 
Minimum,  g  I^O/g  solid 

Heating  Fluid:  Specific  Heat,  cal/g  C 
Temperature,  C 
Flow  Rate,  kg /min 

Gas  Flow,  liters /min,  STP 

Fixed  Weight,  kg 


SG-5 

12 

37 

1300 

0.8 

0.6 

0.45 

49 

5 

85 

3.3 


TABLE  X.  DESIGN  AND  OPERATING  CHARACTERISTICS  OF 
PHOSPHORIC  ACID  WATER -El  ECTROLYSIS  UNIT 

(3-Man  System) 


Designation  E 

Electrolyte  Concentration,  percent  by  weight  of  H^PO  1  ^ 

Gas  Flow,  liters/min,  STP  2970 

Gas  Temperature  at  Cell  Inlet,  C  29 

Relative  Humidity  at  Cell  Inlet,  percent  40.  5 

Current  Density,  ma/cm^  16.1 

Cell  Voltage,  volt/cell  ?.25 

Fixed  Weight,  kg  13.6 

Power,  watts  855 
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Designation^*3^ 

Item 

Fixed  Weight, 
kg 

Power, 

watts 

R-l,  R-2 

CO2  reduction  reactors 

21.6 

295 

HX-1,  HX-2 

Regenerative  heat  exchanger 

8.8 

-- 

SG-1,  -2,  -3,  -4 

Primary  H2O  adsorption  columns 

12.0 

-- 

B-l,  B-2 

Recycle-gas  pumps 

4.0 

95(c) 

E 

Water-vapor  electrolysis  unit 

13.  6 

855 

HX-3 

C>2  cooler 

2.5 

-- 

B-3 

O2  blower 

0.5 

27 

B-4 

O2  blower 

0.5 

9 

SG-5 

H2O  storage-feed  column 

3.3 

-- 

-- 

Gas-feed  systemW 

2.7 

-- 

Subtotal  I 

69.  5 

1281 

-- 

Piping,  valves,  and  support^) 

34.8 

-- 

Iron  catalyst^) 

14.  9 

-- 

Expendable  catalyst  canisters^Sl 

23.8 

Subtotal  II 

143.  0 

-- 

Equivalent  weight  penaltyW  on  power 

174,  2 

Total 

317.  0  kg(i) 

(a)  C02  rate  at  1.0  kg/man-day  (2.2  lb/man-day). 

(b)  System  components  are  shown  in  Figure  2. 

(c)  Total  pressure  drop  in  the  reactor  loop  at  258  mm  Hg  (5  psi). 

(d)  Estimates  obtained  from  the  work  by  Remus!*). 

(e)  Estimated  as  50  percent  of  Subtotal  I, 

(f)  Estimate  based  on  carbon -to -iron  ratio  of  20. 

(g)  Estimate  based  on  carbon -packing  density  of  0. 45  g/cnA 

(h)  Weight  penalty  for  power  at  0. 136  kg/watt  (0.3  lb/watt) 

(i)  Excluding  Instrumentation. 


(*)Remus.  G.  A.,  etal.,  op.  cit. 
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SECTION  VII 


CONCLUSIONS 


On  the  basis  of  the  research  performed  on  this  program,  the  following  conclusions 
may  be  drawn: 

(1)  Comparison  of  two  approaches  to  reduction  of  carbon  dioxide  by  the  modified 
Bosch  method,  one  based  on  continuous  removal  of  carbon  employing  a  single  reactor 
unit  and  the  other  based  on  batchwise  removal  of  carbon  employing  two  reactor  units, 
shows  no  substantial  difference  between  the  two  as  far  as  the  total  system-weight  pen¬ 
alties  are  concerned  on  a  3-mrn-year  basis.  The  total  system- weight  penalties  for  a 
batch  process  and  a  continuous  process  are  estimated  as  317  kg  and  329  kg,  respectively. 
Design  analysis  shows  that  over  90  percent  of  power  input  to  the  reactor  is  expended  as 
heat  loss  by  conduction  through  the  reactor  and  heat- exchanger  insulation  and  as  Iobs 
due  to  heat-exchanger  inefficiency. 

(2)  Solid  adsorbents  look  promising  for  gravity- independent  separation  and  re¬ 
moval  of  water  vapor  from  reactor- recycle  gas  and  for  supplying  water- vapor  feed  to 
a  matrix-type  electrolysis  unit.  An  equal-volume  mixture  of  molecular  sieve  13X  and 
buffer- grade  silica  gel  provides  a  sorption  capacity  of  0.  5  g  f^O/g  adsorbent. 

(3)  Copper  appears  to  be  the  best  choice  among  several  materials  tested  to  with¬ 
stand  the  reaction  environment  and  avoid  undesirable  carbon  formation  outside  the 
catalyst  canister.  Reactor  components  fabricated  from  stainless  steel  alloys  (Type  347 
and  Type  304),  nickel,  and  Monel  catalyze  the  reaction  and  degrade  under  exposure  to 
the  reaction  environment.  From  the  structural-  strength  consideration,  a  high- 
temperature  alloy  steel  coated  with  copper  would  be  a  suitable  material  for  the  reactor 
and  the  regenerative  heat  exchanger. 

(4)  Steel-wool  catalyst  employed  in  carbon  dioxide  reduction  requires  less  than 

1  hour  of  activation  in  hydrogen  atmosphere  at  approximately  600  C  to  be  fully  effective. 
The  reaction  rate  is  relatively  constant  as  the  reaction  progresses  to  a  point  at  which  a 
carbon-catalyst  ratio  of  24  is  reached,  and  the  rate  drops  thereafter  as  the  ratio 
increases.  An  ultimate  carbon-catalyst  ratio  of  20  can  be  readily  attained  in  practice. 

(5)  A  carbon  packing  density  of  0.  47  g/cm^  can  be  attained  in  the  catalyst  canister 
by  supplying  heat  to  a  tubular  reactor  from  its  outside  wall  and  passing  reactants  radially 
toward  the  center  of  a  cylindrical  catalyst  canister. 

(6)  The  effect  of  reaction  temperature  on  the  rate  of  CO2  reduction  is  small  within 
a  range  of  583  to  642  C,  the  reaction  rate  being  only  10  percent  higher  at  the  upper  limit 
of  the  indicated  range. 

(7)  The  rate  of  carbon  dioxide- reduction  reaction  is  not  affected  by  changes  in 
recycle- gas  composition  resulting  from  changing  CO2  concentration  between  6  and  16 
mole  percent  *.t  the  reactor  outlet.  The  reaction  rate  is  significantly  lowered  at  a  COj. 
concentration  of  3  percent. 

(8)  The  reaction  ra.e  increases  linearly  with  recycle  rate  between  8  and  21  liters/ 
mAn,  STP.  The  two  rates,  however,  are  not  directly  proportional  to  each  other.  The 
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reaction  rate  is  increased  from  500  to  810  cm^  H2/min,  STP,  by  raising  the  recycle 
rate  from  10  to  20  liters  /min,  STP. 

(9)  A  small,  lightweight  water-vapor  electrolysis  unit  using  Pd-25  Ag  cathodes 
can  be  designed,  but  further  development  is  dependent  on  defining  a  suitable  matrix  for 
extended  operation.  A  water-vapor  electrolysis  unit  with  phosphoric  acid  electrolyte 
performed  oatisfactorily  in  the  integrated  system  except  that  delivery  of  hydrogen  at  the 
pressure  required  for  direct  feed  to  the  Bosch  reactor  was  not  demonstrated. 
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SECTION  vm 


RECOMMENDATIONS 


Further  experimental  research  is  required  to  study  the  materials  problem.  Depo¬ 
sition  of  carbon  outside  the  catalyst  chamber  is  undesirable  not  only  in  the  modified 
Bosch  system  but  also  in  pyrolysis  of  methane  in  the  closed  Sabatier  system  and  in  the 
disproportionation  reaction  involved  in  the  solid- electrolyte  system.  An  extensive  test 
program  should  be  undertaken  to  evaluate  single  and  composite  materials  for  ductility 
and  carbon-deposition  characteristics  in  various  reaction  environments.  In  conjunction 
with  materials  research,  further  development  and  design  study  of  a  reusable  catalyst 
canister  is  recommended,  since  expendable  canisters  contribute  a  significant  weight 
penalty  to  the  system. 

Further  effort  to  construct  and  evaluave  a  water- vapor  electrolysis  unit  using 
Pd-25  Ag  cathode  should  be  deferred  until  a  suitable  matrix  and  extended  operating  life 
are  demonstrated  in  experimental  laboratory  tests. 
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APPENDIX  I 


EQUIPMENT  DETAILS  AND  OPERATING  PROCEDURES 


Further  details  are  given  in  this  Appendix  on  tbe  equipment  and  procedures 
employed  for  reactor  operation,  water  transfer,  calibration  of  CO2  analyzer,  and 
feeding  of  hydrogen  and  carbon  dioxide  to  the  reactor  unit. 


Reactor  Operation 


The  following  operating  procedure  was  employed  for  the  reactor  unit: 

(1)  After  the  catalyst  is  charged,  the  entire  unit  is  evacuated  to  remove 
air  and  filled  with  hydrogen.  The  hydrogen- feed  point  is  located  at 
the  inlet  of  the  regenerative  heat  exchanger  and  on  the  discharge  side 
of  the  recycle- gas  pump.  The  total  pressure  at  this  location  in  the 
reactor  loop  is  controlled  by  setting  the  hydrogen- feed  pressure  around 
1020  mm  Hg  absolute.  Hydrogen  is  thus  fed  automatically  to  the  unit 
on  demand  depending  upon  the  pressure  level  in  the  reactor  loop. 

(2)  Recycle- gas  pump  and  heater  are  turned  on  to  bring  the  reactor  up 
to  operating  temperature  and  to  activate  the  catalyst  in  hydrogen 
atmosphere. 

(3)  Following  catalyst  activation,  carbon  dioxide  feed  is  started.  Carbon 
dioxide  feed  is  controlled  automatically  by  a  solenoid  valve,  which  is 
activated  by  signal  from  infrared  COj  analyzer,  to  maintain  the  concen¬ 
tration  of  COg  in  the  recycle  gas  at  a  preset  level.  The  recycle  gas  is 
sampled  for  COg  measurement  at  the  outlet  of  the  adsorption  columns 
before  feed  gases  are  added. 

(4)  The  unit  is  shut  down  when  the  pressure  drop  in  the  reactor  loop, 
measured  as  the  pressure  difference  between  the  inlet  and  the  outlet 

of  the  recycle- gas  pump,  reaches  258  mm  Hg.  The  CO^  feed  is  turned 
off  first  to  remove  CO2  and  CO  from  the  recycle  gas.  After  the  H2  feed, 
recycle  pump,  and  heater  are  turned  off,  the  reactor  is  allowed  to  cool 
overnight. 

(5)  After  the  reactor  hae  cooled,  the  unit  is  evacuated,  released  to  atmos¬ 
phere,  and  disassembled  for  carbon  removal 


Water-Transfer  Procedure 


The  initial  system  design  for  water  transfer  was  modified  to  employ  a  new  purg¬ 
ing  procedure.  Although  the  original  hydrogen- purging  method  was  not  tested  experi¬ 
mentally,  further  analysis  of  the  Integrated  system  has  indicated  that  vacuum  purging 
of  fcilica-gel  adsorbers  would  be  pnferable.  The  original  method  involved  purging  the 
recycle  gas  remaining  at  the  end  of  sorption  cycle  with  oxygen  and  purging  the  oxygen  at 


the  end  of  desorption  cycle  with  hydrogen.  The  modified  procedure  would  involve  evac¬ 
uating  the  adsorbers  at  the  end  of  sorption  and  desorption  cycles  and  would  be  prefer¬ 
able  from  a  safety  standpoint  and  simplicity  of  operation.  The  modified  procedure 
would  generate  a  comparatively  less  amount  of  purged  gas.  If  the  purged  gas  is  to  be 
recovered  by  a  catalytic  burner,  the  modified  method  would  require  a  vacuum  pump. 

The  added  penalty,  however,  is  expected  to  b*  small. 

The  vacuum-' purge  procedure  is  described  in  a  flowsheet  shown  in  Figure  35.  In 
operation,  recycle  gas  from  the  regenerative  heat  exchanger  (HX-1)  is  diverted  through 
a  four-way,  two-stack  valve  (V24)  to  a  silica- ge)  adsorber  (SG-1)  for  removal  of  mois¬ 
ture  and  recycled  by  a  blower  (B-l)  to  the  regenerative  heat  exchanger.  When  the  ad¬ 
sorber  is  loaded  with  water,  the  four-way  valve  is  switched  to  divert  the  recycle  gas  to 
the  second  adsorber  (SG-2).  To  regenerate  the  loaded  adsorber  (SG-1)  the  recycle  gas 
remaining  in  the  adsorber  is  first  removed  by  a  vacuum  pump.  The  gas  may  be  fed 
from  the  vacuum  pump  to  a  catalytic  burner  and  returned  to  cabin.  After  evacuation, 
vacuum  line  is  shut  off  at  V17,  and  oxygen  is  introducted  through  a  throe- way  valve 
(V25)  to  remove  water  and  transfer  it  to  the  electrolysis  unit.  A  three-way  valve  (V31) 
was  installed  in  the  desorption  loop  for  collection  of  liquid  water  to  measure  the  total 
output  and  for  analysis  of  product  water.  At  the  end  of  the  desorption  cycle  the  adsorber 
is  evacuated  to  remove  oxygen  and  is  ready  for  the  next  sorption  cycle. 


Calibration  of  Carbon  Dioxide  Analyser 


An  infrared  analyser  for  carbon  dioxide  was  installed  in  the  reactor  unit  for  con¬ 
tinuous  in-line  analysis  of  carbon  dioxide  in  recycle  gas.  A  flowsheet  of  the  sampling 
system  of  the  analyser  is  shown  in  Figure  36.  A  portion  of  the  recycle  gas  is  diverted 
through  the  analyser  and  returned  to  the  recycle  loop  continuously.  Switching  of  the 
analyser  between  the  two  reactor  units  is  done  by  means  of  a  four-way  valve  (V30).  In 
operation,  recycle  gas  from  the  outlet  of  a  recycle  blower  (B-l  or  B-2)  is  introduced 
to  the  sampling  system  through  a  shutoff  valve  (V20  or  V38)  and  a  four- way  valve  (V30). 
A  flowmeter  is  located  on  the  inlet  side  of  the  analyser.  The  pressure  at  the  outlet  of 
the  analyser  is  controlled  by  a  pressure  control  valve  (PCV)  set  at  120  mm  Hg  gage  with 
an  atmospheric  reference.  A  pressure  gage  (P)  is  located  at  the  outlet  of  the  analyzer. 
The  exit  gas  from  the  analyser  flows  through  a  shutoff  valve  (V6)  and  returns  to  the  inlet 
of  the  recycle  gas  blower  through  the  four-way  valve  (V30).  Calibration  gases  are  in¬ 
troduced  to  the  sampling  system  through  a  shutoff  valve  (VI 5)  and  vented  through  another 
shutoff  valve  (V5).  Nitrogen  and  a  mixture  of  carbon  dioxide  and  nitrogen  are  used  as 
sero  gas  and  span  gas,  respectively. 

The  infrared  analyser  was  checked  out  to  function  properly  and  calibrated  using  a 
span  gas  containing  15.  5  percent  by  volume  of  carbon  dioxide  in  nitrogen  and  nitrogen  as 
a  sero  gas.  Calibration  was  carried  out  at  a  controlled  pressure  of  880  mm  Hg  absolute 
as  the  outlet  of  the  analyser.  Calibration  data  shown  in  Figure  37  were  calculated  from 
data  at  760  mm  Hg  absolute  that  were  provided  by  the  instrument  supplier,  assuming  a 
direct  proportion  between  absorption  and  absolute  pressure.  Details  of  alignment  and 
calibration  procedures  for  the  a?1  ..  -  iay  be  found  in  the  service  manual,  "M-S-A 

Lira  Infrared  Analyser  Model  , 
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FIGURE  35.  FLOWSHEET  OF  WATER-TRANSFER  UNIT 


FIGURE  36.  SAMPLING  SYSTEM  FOR  CARBON  DIOXIDE 
ANALYZER  IN  REAC  fOR  UNIT 


FIGURE  37.  CARBON  DIOXIDE  ANALYZER 
CALIBRATION 


(880  mm  Hg  Absolute  at  analyzer  outlet) 


Reactor  Gas  Feeds 


A  flowsheet  of  hydrogen  and  carbon  dioxida  feeds  to  reactor  units  is  shown  in 
Figure  38.  Carbon  dioxide  is  introduced  from  a  cylinder  through  two  needle  valves 
(VI 1  and  V12),  connected  in  parallel,  and  a  four-way  solenoid  valve  (SV)  actuated  by 
signals  from  the  carbon  dioxide  analyser.  One  port  is  normally  open  and  the  other 
normally  closed  in  the  solenoid  valve.  Two  flowmeters  (FM-3  and  FM-4)  and  two  shtf- 
off  valves  (V3  and  V4)  are  connected  in  series  at  the  outlet  of  the  solenoid  to  cover  a 
wide  range  of  feed  rate.  The  carbon  dioxide  feed  is  diverted  either  to  the  first  or  the 
second  reactor  unit  by  mesne  of  a  three-way  valve  (V33).  Hydrogen  feed  is  introduced 
eithev  from  electrolysis  unit  vr  from  a  cylinder  through  a  three-way  valve  #V9). 

Flow  rate  of  hydrogen  is  controlled  by  a  needle  valve  (V2)  and  a  flow-control  valve 
(FCY),  which  is  set  to  a  fixed  differential  pressure  of  120  mm  Hg  across  the  needle 
valve.  A  mass  flowmeter  (F-I/R)  measures  and  records  the  flow  rate  of  hydrogen.  A 
pressure- relief  valve  (V28)  le  located  at  the  outlet  of  the  flowmeter  to  prevent  excessive 
pressure  buildup  in  the  feed  line  and  to  vent  hydrogen  when  the  electrolysis  unit  is  in 
operation  without  the  reactor  unit.  The  hydrogen  feed  is  diverted  to  either  reactor  ur.it 
hy  means  of  a  three-way  valve  (Y32).  The  calibration  lor  the  mass  flowmeter  is  evswn 
in  Figure  39. 
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